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Abstract
The goals of this project were to assess the viability of avoiding water use and of
“cascading” water uses, i.e. using outlet water from one process in another activity,
possibly with some purification, including the upgrading of the final effluent stream
for internal reuse. Water use has been inventoried at FMC Biopolymer, Cork.
Avoidance and reduction measures were identified that could reduce water
consumption from 49m /hr to 19 m /hr (a reduction in excess of 60%), with an annual
saving in excess of €350,000. These projects were assessed for feasibility and
implementation. Potential streams that could be subject to extensive recovery have
been examined and potential technologies have been investigated.
Process Water Recycling Projects
A number of process water recycling projects have been implemented on completion
of this thesis. Water usage has decreased by 30% since the beginning of this project,
as a consequence of process water recycling projects and greater awareness of the
importance of water usage on site. The projects that have been fully implemented are
• Niro Scrubber Water Recycle
• Niro Atomiser Cooling Water Recycle,
• Bowen Atomiser Cooling Water Recycle,
• and Water Balance.
The following projects will be implemented by the final quarter of 2006, bringing
further reductions;
• Bowen Scrubber Water Recycle
• Ammonia Drum Project
• And Improved control of pump seal water
Membrane Water Recycling Project
Two streams were identified as presenting significant potential for reuse, if the
streams can be purified to the required specifications: the solids separator stream and
the effluent plant outfall stream.
As part of this research the recycling of the solids separator stream was piloted on site
using membrane technology. The specific technology piloted was ultrafiltration
followed by double pass reverse osmosis. Due to the low pH of the stream, a pH
adjustment step was also included to increase the pH. The pilot plant was fed with the
actual process stream, accepting the normal production variations, to better test the
tolerance to plant variability. The results achieved from the pilot plant to date are
encouraging with the membranes removing 98.5% of the COD and almost 100% of
the remaining critical parameters, which are turbidity, suspended solids, conductivity
and dissolved solids. No micro-organisms were present in the final permeate stream
either.
Further piloting of this stream is required to achieve greater COD reduction before
moving onto the Outfall stream. However, when piloting is completed and if the
project goes to full scale, it will reduce FMC’s water bill by 37% (Solid Separator) or
50% (outfall), depending of which stream FMC choose. (These percentages are
excluding the process water recycling projects).
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1
1.1

Executive Summary
Introduction

Traditionally, very little attention was given to water in industry. Water has always been
seen as a cheap, readily available resource, an endless supply. However, this is rapidly
changing as the costs of water, effluent treatment and disposal are quickly increasing.
There is increasing attention to minimising the use of water (AWMUA, [2]; Bellec, [3];
ETBPP, [11],) and there are two options for wastewater collected from any plant; it must
either be treated and returned to the receiving waters or recycled and reused within the
plant.
This project, initiated in October 2004, is concerned with the critical examination of
water usage at FMC Biopolymer in Cork. It set out to maximise the internal recycle of
water by characterising the process streams, seeking consistent optimal operation, and
applying recovery measures as appropriate to the streams. This required assessing the
viability of such changes and ensuring the treatment plant accommodated any feed
variation. With the “stretch target” of eliminating effluent, material eco-efficiency will
be substantially improved, while satisfying manufacturing quality criteria. This target is
very demanding, potentially unreachable, but one that offers a challenge, requiring a
“stretch” of effort to achieve.
The main driver behind this project was increasing costs to dispose of water. FMC was
charged for every cubic meter of water brought onto the site. However a new charge was
introduced in January 2005 in addition to the purchase of water charge, that is an effluent
charge. From January 2005 every cubic meter of effluent that it is disposed of to the new
Carrigrenan Waste Water Treatment plant situated in Little Island was charged to FMC.
This implies an increase in costs for FMC in 2005 of approximately €400,000. There is
also the potential for Cork County Council to impose further charges based on kg of
Biological Oxygen Demand (BOD) discharged in the future. These effluent charges will
be imposed even though FMC has its own wastewater treatment plant that satisfies the
specified effluent conditions.
FMC Biopolymer, a subsidiary of the FMC Corporation, is located in Little Island, Cork,
where several grades of microcrystalline cellulose (trade name Avicel PH) are produced
for use in pharmaceutical manufacturing. This material is the inactive, inert ingredient in
tablets and capsules. Its applications include direct compression, dry granulation, wet
granulation and encapsulation. There are many different grades of Avicel, with varying
properties in relation to flowability, density, self-lubrication, disintegration, etc. The
product is the outcome of aqueous hydrolysis of cellulose. The product is filtered,
washed with deionised water, dried in one of two spray dryers (Niro or Bowen) and
packaged, all to strict manufacturing quality criteria. Cyclones and scrubbers control air
emissions. The scrubber liquids are combined with liquid effluent from the process and
treated in a conventional aerobic activated sludge plant, all in conformity with licensed
conditions. The effect of the activated sludge plant is to treat process losses to a level at
which they may be discharged to sewer.

The overall goals of this project are to:
i) Reduce water consumption in the manufacturing process through internal reuse
and recycling, while continuing to satisfy license conditions.
ii) Recycle water from the Waste Water Treatment Plant either from the outfall or
from the influent stage.
iii) Provide a model to other manufacturers of pharmaceutical ingredients and
developing a transferable management methodology for the reuse, recovery or
treatment of aqueous streams containing dissolved and suspended contaminants.
1.2

Inventory of water usage at FMC Biopolymer

In order to identify areas where water can be reduced, reused or recycled, an accurate
water balance had to be constructed. This water balance is based on metered readings
from the plant, estimates of flows and calculated values (e.g. top up to cooling tower).
A portion of the water supplied by Cork County Council is purified by FMC to deionised
grade. Both supplied water (process water) and deionised water are used in the process.
As part of the development of the water mass balance, three spreadsheets were developed
to monitor the daily usage of water. The first produces a daily report of water usage, the
second illustrates the current water consumers at that instant in time and the third is a
theoretical model of the water usage and the location of where it ends up i.e. effluent
plant, evaporation etc.
For more accurate monitoring of the water system at FMC, five new flowmeters were
installed at crucial areas of the plant and after these were installed a live TDC integrated
water mass balance was developed. The installation of these new flow meters and the
TDC mass balance aided the awareness and knowledge of the water system and also
helped identify more cost saving opportunities. Two classes of water reduction
opportunity arise: reduction of water consumption or recycling of water.

1.3

Reduction in water consumption where no or minimal recovery processing is
required

A detailed examination was undertaken of the water consumers on site, leading to the
following analysis:

□ hiiter uake wash
□ Reactors
2%

□ Scrubbers
□ Reslurry
■ Pumps Seals
□ Domestic
O Rant Washdow ns
□ D.I.Qeaning
■ Atomizers
□ Boiler Top up
□ HCL Scrubber
□ Cooling Tow er
■ Amrronia Bottles
■ Bfluent Filter

Figure 1.1: Breakdown of major water users
These were examined to see where reduction opportunities exist. Filter cake wash,
reactors and reslurry flow rates are set by the process conditions and are not readily
amenable to reduction. The remaining streams have been targeted for improvement.
Potential improvements are modifications to reduce water consumption or to
“downcycle” or “cascade” water from elsewhere, i.e. use already used water for a second,
less quality-onerous, purpose.

Table 1.1: Water reduction opportunities
Status
Item

Estimated
reduction
Dryer
Water was used on a once-through basis in both spray 3.0 m^/h
scrubbers
dryer scrubbers. One of the dryers referred to as the “Niro
Spray Dryer” now has a recycle installed and a similar
application will be installed on the second spray dryer
referred to as the “Bowen Spray Dryer”.
Pump seals The use of needle valves to reduce the flow to the pump 3.0 m^/hr
seals is implemented on 6 pumps and will be installed on
the remainder that use seal water. Solenoid valves were
also installed on all pumps.
Atomisers
Both dryer atomisers are supplied with process water on a 1.1 m^/hr
once-through basis. The Niro atomiser cooling water is
now diverted to the cooling tower system, where it
displaces 0.6m^/hr of top up to the cooling tower. The
Bowen atomiser cooling water is now diverted to the
Bowen scrubber where it displaces 0.5m^/hr of top up to
the Bowen scrubber.
Ammonia
The current ammonia bottles are “heated” with deluge 0.8 m^/hr
bottle water water. Use of a bulk tank was investigated, successfully
deluge
trialled and will be implemented. This will reduce water as
the bulk tank does not require a water deluge.
Effluent
Process water is currently used. The use of effluent outfall 0 m^/hr
filter
was piloted; however, health and safety issues prevented
beltwash
the project from progressing. Therefore no savings were
made however the effluent filter uses approximately
0.5m^/hr.

1.4

Recovery and recycling of water

Two streams have been chosen to investigate further for the viability of a major
investment in a recovery project. The first stream is the influent to the waste water
treatment plant, also known as the solid separator stream, therefore in essence this is a
process stream (22.5m^/hr) and the second stream is the outfall or effluent from the waste
water treatment plant (37m^/hr). Therefore recycling either stream would have huge
environmental and economic benefits by avoiding buying and disposing of water. The
streams are very different as one has been through a biological activated sludge plant and
the other has not. This is the fundamental difference between them. The following table is
a summary of the differences in contamination. (These are average values from a number
of composite samples taken over a 4 week period).

Table 1.2: Stream properties (all parameters in mg/1)
Parameter

BOD (ppm)
COD(ppm)
TOC (ppm)
Suspended solids (ppm)
Total dissolved solids (ppm)
Chloride (ppm)

SoUd
Separator
Stream
1906
2982
1109
47
3551
1006

OutfaU
Stream
42
277
70
96
2222
1239

A pilot study was carried out on the solids separator stream for three months and positive
results were achieved from this pilot plant. The pilot plant is a membrane plant consisting
of Ultrafiltration (UF) followed by double pass Reverse Osmosis (RO). Double pass RO
consists of two stages of reserve osmosis units in series, where ROl is the first pass and
R02 is the second pass. Figure 1.2 below shows the contaminant removal for the stream,
the only critical contaminant not removed is Chemical Oxygen Demand (COD), where
98.9% was removed, however, further trials are planned to try to reduce this further and
investigate optimizing this process to increase the recovery.
I UF Permeate

□ ROl Permeate

□ R02 Permeate

100%

90%

80%

70%
60%

50%

99.28%

40%

30%

20%

10%

Turbidity

Conductivity

Figure 1.2: % Contaminant removal

COD

Chlorides

The use of the UF is fundamental in the reduction of turbidity (87%). COD is removed
mostly by ROl (96%) and partially by R02 (2.5%). Conductivity, one of the most
important parameters in checking water quality for reuse, is removed almost completely
by ROl (96%). A 99% removal of chlorides is a satisfactory result.
1.5

Conclusions

A 30% reduction on an average monthly basis in water usage has been seen so far, this is
due to the process projects that have been implemented and the new approach to water
usage at FMC. The remaining process projects will be implemented by the end of quarter
four 2006 and this will lead to further reductions in water usage. If either the solids
separator stream or the outfall stream will be recycled it will have a huge impact on
reducing the water bill at FMC. The following Figure 1.3 and Figure 1.4 show the total
percentage of water reduction achieved (blue part) when all the process projects and
either the solid separator recycle project or the outfall stream recycle project are
implemented.

50% Water Reduced

50%

Figure 1.3: Solids Separator Water Recycling & Process Water Recycling.

35%

65%

Figure 1.4: Outfall Water Recycling & Process Water Recycling.
On the basis of the pilot plant results, membrane processes show to be promising
methods for the purification aimed at reuse of the Solid Separator waste water. It should
be noted that recycling a stream with a COD of approximately 3000ppm is novel in the
pharmaceutical industry. There were many challenges faced when operating the pilot
plant due to its inline configuration. A batch pilot plant would have allowed more
controlled experimental runs to be carried out. However, an inline plant better reflects the
difficulties a full scale plant would face.

The characteristics of the Solids Separator waste water after purification by the pilot plant
show that it is ready for reuse in the manufacturing process with the exception of COD.
Further trials must be carried out to try to reduce the COD further.
The hydraulic capabilities of the plant will have to be studied in more detail also, as the
primary focus of the pilot plant was to reduce the contaminant and then consider the
recovery of the plant. The plant did foul as expected; ROl experienced some serious
fouling where a number of different cleaning methods were investigated. The flux on the
RO1 was improving towards the end of the trials therefore it was not irreversible fouling
that occurred.

Introduction
FMC Biopolymer uses water as a reaction medium and purifying agent in its process to
manufacture microcrystalline cellulose. The resulting effluent is treated in a conventional
aerobic plant.
The main driver behind this project is increasing costs to dispose of water. From January
1, 2005, FMC will be charged for every cubic meter of water brought onto the site as well
as every cubic meter of effluent that it is disposing to the new Carrigrennan Waste Water
Treatment plant situated in Little Island. This implies an increase in costs for FMC in
2005 of approximately €400,000 per year. There is also the potential for Cork County
Council to impose further charges based on kg of BOD discharged in the future.
This project sets out to maximise the internal recycle of water, by characterising the
process streams, seeking consistent optimal operation, and applying recovery measures as
appropriate to the streams. This requires assessing the viability of such changes and
ensuring the treatment plant accommodates any ensuing feed variation. With the “stretch
target” of eliminating effluent, material eco-efficiency will be substantially improved,
while satisfying manufacturing quality criteria. A transferable, generalised methodology
will be devised for the management of waste aqueous streams characterised primarily by
suspended and dissolved solids content.

2.1

FMC Biopolymer

FMC Biopolymer is part of FMC International with headquarters in Philadelphia,
America. FMC International maintains leading positions in three chemical markets:
Agricultural, Specialty and Industrial. FMC provides innovative and cost-effective
solutions to food and agriculture, pharmaceutical, pulp and paper, textiles, glass and
ceramics, rubber and plastics, lubricants, structural pest control, turf and ornamental
markets, specialty and related industries.
FMC Biopolymer Cork manufactures several grades of microcrystalline cellulose (trade
name Avicel PH) for use in pharmaceutical manufacturing. The product is filtered,
washed with Deionised Water (DI) water, dried and packaged, all to strict manufacturing
quality criteria. Cyclones and scrubbers control air emissions. The scrubber liquids are
combined with liquid effluent from the process and treated in a conventional aerobic
activated sludge plant, all in conformity with licensed conditions. The activated sludge
plant must treat process losses to a level at which they may be discharged to sewer.
Approximately 90 people are employed directly at the Cork facility, and up to 20
additional people on contract. The process operates on a continuous rotating shift cycle,
with 4 shift teams, which include a supervisor, laboratory technician and 6 operators.
The process is very highly automated using a Honeywell Control system for production
control and electronic systems for all quality data handling and document control
(“DocCompliance”).

The plant operates in accordance with IPEC cGMP guidelines
(International
Pharmaceutical Excipients Council). The Company has been ISO 9002 certified since
1994 and ISO 14001 since 2002.
2.1.1 AvicelPH
Avicel PH is the original microcrystalline cellulose. It is the inactive, inert ingredient in
tablets. It is the excipient of choice for direct compression formulations, lending superior
compactibility and carrying capacity to tablets. Avicel PH is self-lubricating and
promotes rapid disintegration. It enabled large scale conversion to direct compression
tablet manufacture in the pharmaceutical industry. This revolutionized the industry and
brought new levels of efficiency to commercial tablet production. Its applications include
direct compression, dry granulation, wet granulation and encapsulation. There are many
different grades of Avicel PH for the above applications; for example, high density
grades (Avicel PH-301 and Avicel PH-302) not only improve flow and production rates,
but enable larger batch size since they occupy less volume in key pieces of production
equipment. Also to optimize capsule filling operations, enhanced flowability results in
improved productivity and lower capsule weight variation. Higher density grades occupy
less volume in the capsule formulation, leaving room for active ingredients. For moisture
sensitive Drugs, Avicel PH-112, Avicel-PH-103, and Avicel PH-113 help extend shelflife and improve stability of moisture-sensitive formulations. (EMC International, [27])
2.2

Aims

The main aims of this project were to firstly, reduce water consumption in the
manufacturing process through internal reuse and recycling, while continuing to satisfy
license conditions. Secondly, to investigate recycling water from the waste water
treatment plant either from the outfall or from the solid separator streams.
2.3

Methodology

a) Inventory the magnitude, composition and variability of process streams.
b) Review the relevant international research literature.
c) Introduce the reuse of streams where minimal or no recovery processing is required.
d) Improve water monitoring on site.
e) Assess the viability of major investment in recovery processes.
0 Piloting of recovery processes to recycle water.
g) Assess the impacts of changed feeds on the existing waste water treatment plant.

Literature Review
3.1

Introduction

This chapter is concerned with presenting the reported state of the art concerning
membrane separations techniques of relevance to the specific industrial case study.
Rather than dwell on the generally applicable literature, attention is paid to the issues of
particular concern: fouling, membrane pilot plant, pre-treatment and contaminant
removal, pH and conductivity relationship and examples of membrane water recycling
technology.
3.2

Membrane processes

Pressure driven membrane processes, i.e. microfiltration (MF), nanofiltration (NF)
Ultrafiltration (UF) and Reverse Osmosis (RO) are the membrane processes that are
applied to drinking water. The filtration spectrum can be seen in Figure 3.1 for each
membrane process starting with MF through to RO. MF is the “loosest” membrane and
RO is the “tightest” with regard to passage of contaminants. Combinations of membrane
processes with other processes have become known as integrated membrane systems. The
largest market share of membrane separations is held by microfiltration, and is used for
clarification and sterile filtration in a wide range of industries including food and
biochemical industries as discussed by Scott & Hughes [22]. They also discuss how
membrane filtrations offer relative simplicity of operation and low costs in comparison to
competitive procedures such as centrifugal separation, vacuum filtration and spray
drying.
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Nunes and Peineman [15] describe how membranes can be classified according to their
morphology as dense, composite or porous membranes (porous then splits into symmetric
and asymmetric). Dense membranes only have a practical meaning when made of highly
permeable polymers such as silicone. Most of the presently available membranes are
porous or consist of a dense top layer on a porous structure. The breakthrough of the
membrane technology came first in the 1960’s with the development of the asymmetric
porous membranes by Leob and Sourirajan. This membrane combined high permeate
flow provided by a very thin selective top layer and a reasonable mechanical stability,
resulting from the underlying porous structure. This membrane type characterizes most of
the presently commercially available membranes that are produced from a wide variety of
polymers.
Scott and Hughes [22] explain how membranes for the pressure driven processes of RO,
NF, UF and MF are available in a number of different materials including polymers,
ceramics, glass and metals. Depending on the application, plate and frame, tubular,
hollow fiber and spiral wound are configurations that the membranes are available in. Not
all materials are available for all of the processes; for example, all RO membranes are
currently made of polymers, whilst glass is limited to the UF range. Byrne [7] states that
“For standard water purification applications the two most common families of RO
membranes are made using polymers, of either cellulose acetate (CA) or polyamide (PA).
A third membrane type that has been introduced within the last few years uses charged
polysulfone (PS)”. The type of material first to be used widely in a spiral wound
configuration was Cellulose Acetate (CA). “It offers stable performance (under its
specified operating conditions) and is resistant to relatively high free chlorine
concentrations. It was the membrane of choice in RO applications until the polyamide
thin-film membrane became available” [7].
According to Byrne [7] the Polyamide (PA) membrane is growing in popularity because
of its high permeate flux characteristics. The PA membranes used in a spiral wound
element configuration are constructed of a thin layer of an aromatic polyamide extruded
onto a less dense polysulfone substrate. This particular type of spiral wound membrane is
called a thin film. The thin film PA membrane typically offers a flux rate significantly
greater than that of a CA membrane. This enables the PA membrane system to be
operated at half the pressure of a CA/RO system and still obtain comparable permeate
flowrates with slightly better salt rejection. Consequently a RO system using a thin film
membrane will use substantially less energy than a CA/RO system operating at twice the
pressure [7].
Byrne [7] proclaims that Polysulfone (PS) membrane elements offer better chlorine
tolerance than CA membranes and chemical tolerance equal to or better than PA
membranes. The permeate flux rate is comparable to PA membranes for economical
energy usage. Rejection capabilities are comparable to standard rejection CA membranes.
A PS membrane can handle a free chlorine level of up to 5ppm. It can handle cleaning
solutions containing between 2 and 12ppm. This membrane is well suited for applications
where the control of biological fouling is critical. It can also be applicable for waters
containing certain hard-to-clean foulants or scale.

3.3

Fouling

Long-term operation of membrane processes may be constrained by fouling. Al-Ahmad,
et al, [1] discuss how dissolved and particulate matter in the feed water can deposit on the
membrane surface and foul the membrane. They classify types of fouling as follows:
• Inorganic and organic fouling,
• Particulate and colloidal fouling and
• Biological fouling.
and state the effects of biofouling are:
• Membrane flux decline,
• An increase in the differential pressure and the feed pressure,
• Membrane biodegradation,
• Increased salt passage,
• Increased energy requirements.
Shaalan et al, [23] highlight that the performance in terms of flux decline depends on
numerous variables including, but not limited to, membrane characteristics and module
geometry, raw water characteristics, concentrations and type of pollutants and operating
conditions.
Membrane fouling is broadly classified into two categories: the reversible and the
irreversible. Reversible fouling occurs due to the concentration polarization of materials
at the membrane-rejecting surface that can be removed by appropriate cleaning.
Irreversible fouling occurs by chemisorption and pore plugging mechanisms.
Hu et al, [13] introduce the concept of the “Pain - Threshold”, which is reached when a
10% decrease in productivity occurs while operating at constant pressure and temperature
or an increase of 15-30% in the differential pressure between feed and reject while
operating at constant flux. However Schafer et al, [20] states that it should be noted that
flux decline is not necessarily fouling. Concentration polarization or osmotic pressure
effects can appear as fouling and so can membrane compaction. Therefore careful
experimental design is necessary to distinguish fouling from other effects. Fouling can
also change the rejection behavior of membranes. Schafer et al, [20] investigated NF
fouling, using three parameters: silt density index, modified fouling index, and the linear
correlation of the water mass transfer coefficient to characterize the fouling. They found
that a MW of greater than 30kda was responsible for NF fouling.
Hu et al [13] discuss that detection of membrane biofouling was carried out using indirect
methods, which involved monitoring of performance parameters like the permeate
flowrate, and difference in feed and discharge pressures. In addition, heterotropic plate
count determination was performed. They suggest that for biofouling to be significant not
only must site-specific factors like temperature and pH be in the range where bacteria can
grow and reproduce but an abundant feed source also must be available. Biofouling
potential in a membrane system can be represented by the presence of microorganisms
and nutrient concentration in the system.
Al-Ahmad et al [1] also discuss control techniques for biofouling such as prefiltration
(use of ultrafiltration (UF), multimedia filters or cartridge filters), chlorination and
frequent appropriate cleaning procedures. Hu et al [13] suggest using a biofilter as a
pretreament for RO and assert the state of art techniques for biofouling control are
disinfection using hypochlorite, ozone, bromine, chlorine dioxide, and U.V. light, but
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warn that the problem is not always solved by disinfection i.e. killing the
microorganisms, as the application of biocides has to be considered carefully if other
problems such as environmental pollution and high costs are to be avoided. Failures have
been reported when massive biofouling occurred despite chlorination. This is largely due
to the production of a large amount of assimilable organic carbon (AOC) by chemical
oxidation of dead biological materials in suspension by chlorine. This shows that simply
killing the microorganisms does not always solve the problem. They also tell us that
biofouling control is considered a major challenge in operating membrane systems and
that despite the advantages of membrane technology over conventional treatment and
other desalination technologies, membrane biofouling continues to be an operational
problem that plagues many membrane systems. This is especially prevalent for
membrane facilities that are located in the tropical and sub-tropical regions, where
operating conditions are extremely suitable for the growth of microorganisms.
Hu et al [13] states that biofouling is unlike other types of fouling which can be
controlled by either chemical and physical pretreatment, biofouling is the one least
understood and controlled as microorganisms can multiply at the expense of the nutrients
in water. Ismail et al, [14] reiterate these points but also investigate the influence of
transmembrane pressure and crossflow velocity on permeate flux and prove that only
crossflow velocity influences the rejection of dissolved organic matter in terms of
Chemical Oxygen Demand (COD) and Biological Oxygen Demand (BOD). In side by
side studies, UF membrane systems have been known to foul faster than RO membrane
systems by more than an order of magnitude. This is above and beyond the higher rate of
UF fouling that can be attributed to its higher flux rate. It can be generalized that for most
applications a UF membrane will foul faster from particulate and suspended solids
contaminants than would an RO membrane.
3.4

Piloting of Membrane Process

Byrne [7] emphasizes how a pilot study should duplicate as closely as possible the
operating conditions of the proposed full scale membrane system. Brugger et al, [5] at the
Institut fur Verfahrenstechnik (IVT) in cooperation with Roochem UF-Systeme Gmbh,
Hamburg for STAWAG (A drinking water treatment plant in Germany), firstly piloted
an ultrafiltration plant to treat the backwash water so that it could be reused and the
promising results of the pilot scale plant led to the construction of the full scale UF plant.
Brugger et al, state that the most important aim of the pilot study was to achieve the
highest possible flux at stable conditions with optimized process parameters. This is to
increase plant capacity by enhancing the permeate flux and this will result in a substantial
reduction in the total treatment costs.
Brugger et al, [5] identified the following parameters as important to determine in a pilot
plant:
• The membrane material that is suitable for the application and that can guarantee
the production of the desired quality of filtrate in the long term.
• The flux that can be obtained on a long-term basis.
• The optimum conditions for the operation of the plant and the recovery rate that
can be obtained.
• The use of module flushing and how often chemicals are required for cleaning or
disinfection.
• How the daily standstill of the plant influences its operation.

13

Byrne
•
•
•

[7] recommends that monitoring a pilot plant should include the following:
The normalized permeate flowrate
The normalized system differential pressure
The membrane solute rejection

Shaalan, [23] discusses that performance data is sometimes given for an integrated
membrane based system with insufficient data on the performance of the individual
membrane stages. In order to develop a performance prediction methodology, the data
available from numerous published endeavors should be reduced and managed to enable
development of empirical formulae correlating flux decline with principal operating
parameters and water characteristics. They developed empirical equations to predict
fouling rate, Total Organic Carbon (TOC) rejection, flux, and flux decline as a function
of time.
An investigation into the length of each run for a pilot plant led to a number of different
results but Hu et al [13] states that the run took a few weeks and continued until one of
the previously mentioned criteria of biofouling had been reached. In order to characterize
biofoulant and foulant material if they occur during the pilot plant run a number of
options are presented to characterize the foulant. Destructive membrane autopsy
techniques provide the best answer to the type of foulants on a membrane surface,
allowing for a greater understanding of the reasons for deterioration in membrane
performance. Also visual inspections, chemical analysis by inductively coupled plasma
optical emission spectroroscopy and microbial analysis are also techniques used and
presented by Hu et al [13].
Byrne [7] discusses for spiral wound systems that a smaller diameter membrane element
can be used in a pilot plant system to emulate the performance of a full scale RO system.
The flow dynamics are similar between different diameter membrane elements. In fact
Byrne [7] claims that the primary difficulty in using a small pilot unit may be in the
unavailability of pretreatment equipment that can be accurately scaled up from the
flowrate of the smaller system to that of the larger one. Byrne [7] recommends that pilot
pretreatment should be considered with the pilot RO, each pretreatment should be tested
to determine the performance of the RO system.
Qin et al [19] carried out successful pilot trials very similar to FMC pilot trials using a
UF/ RO Process with pH adjustment. The membrane supplier was Koch. The trial was
carried out for 6 months and the product water from the plant was used as a substitute for
townswater for in-process rinsing at a nickel plating operation. In this application the “UF
was to reduce the membrane fouling and increase water recovery and the RO was to
optimize the product water quality and recovery”, these are similar aims for FMC. The
membrane performance was based on the normalized flux and percentage rejection of a
particular component.
3.5

Pretreatment

The purpose of RO pretreatment is to optimize the performance and life of the RO
membrane elements. There are a number of reasons for pretreatment and Taylor et al [24]
list the main pretreatment requirements as follows:
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•
•

Scaling control is typically required for all RO/NF membrane systems in either
surface or ground waters and is achieved by acid and /or antiscalent addition.
Bio-fouling control is typically required for aerobic surface or groundwaters and
is achieved by addition of bacterial agents.

Byrne [7] adds to this with the following:
• Ensure the compatibility of the feed stream with the RO membrane
• Reduce the RO cleaning frequency by reducing the fouling potential of the feed
stream.
As the pure water permeates through the membrane, certain dissolved salts increase in
concentration at the concentrate side of the membrane and they may exceed their
solubility. If the salts fall out of solution (crystal formation followed by precipitation) on
the membrane surface, or in the element flow channels, the membrane performance will
be affected. Some will fall out of solution quicker than others. Therefore W. Byrne [7]
state that “firstly scale prevention is required and secondly scale cleaning is required if it
occurs”.
As discussed by many authors and emphasized again by Byrne [7], the most common
example of a compatibility issue is the need to remove chlorine or chloramines from the
feed stream of a polyamide membrane RO system. The problem of biological control in
PA membrane RO systems has been one of the most significant reasons that these
membranes have not completely dominated the RO membrane market. Given the
intolerance of PA membranes to biocidal concentrations of free chlorine their application
to surface water has been somewhat limited. UV disinfection units can effectively be
used upstream of a PA RO system to reduce the numbers of bacteria entering the RO
system. This can slow the mircroorganism growth on the RO membranes and thus reduce
the maintenance requirements for the RO system. If the component is not removed then
the life expectancy of the RO membrane will be greatly reduced. The presence of iron,
manganese, copper or other transition metals can act as catalysts to speed the
aggressiveness of the chlorine’s oxidative effects. This also holds true for other oxidizing
agents such as iodine, bromine, and ozone.
An important requirement for CA membrane is pH control. The CA membrane will
hydrolyze with time. This is the natural break off of the acetyl functional groups from the
polymer. As this occurs the membrane will lose its salt rejection characteristics. The rate
of this breakdown is a function of pH and temperature. To reduce the rate of CA
membrane hydrolysis, most CA membrane systems will use acid injection to reduce the
feedwater pH as pretreatment step.
Since UF is considered an economical means of removing suspended solids from water,
it is a common misconception that it would be a good choice for RO pretreatment. In
some cases it is, for the majority of cases however it is not. The biggest advantage of
relying on UF to remove foulants prior to RO is that the more aggressive cleaning
solutions required to dissolve and remove certain stable foulants can be used with the UF
membrane. According to Byrne, [7] if fouling is a problem with an RO membrane
however, it will likely be a greater problem with a UF membrane. In side by side testing
UF membranes will typically foul at least ten times faster than RO membranes, thus their
required cleaning frequency will be more than ten times greater. When designing a UF
system for a high fouling application it is important to dramatically over design the
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system. At constant pressure, the membrane manufacturer’s design permeate flowrate
may decline by 50% to 75%. Much of this loss may be irretrievable because of pore
fouling within the UF membrane structure according to Byrne [7]
3.6

pH

The pH of the water is also important and there are a number of theories investigated in
this area.
At acidic pH, lower fluxes and more fouling were observed compared to neutral pH. This
can be explained by the lack of electrostatic repulsion between the membrane and the
solutes at acidic pH. At neutral pH, electrostatic repulsion was established and thus the
permeability was better maintained.
Comprehensive operating data should be recorded before cleaning and again after
cleaning and performance has stabilized. The pH extremes present in some cleaning
solutions will affect the short-term performance of PA thin film membranes. Acidic
solutions with PH below 2.5 can cause a temporary decrease in the permeate flowrate and
an increase in solute rejection. Conversely, alkaline cleaning solutions with pH greater
than 10.5 can cause a temporary decrease in solute rejection and increase in permeate
flowrate according to Byrne [7].
Relationship between feed pH and Permeate pH
Qin et al [17] investigated the relationship between feed pH and permeate pH in RO
systems with townswater as feed. The advanced polyamide composite RO membranes
generally have a surface charge that depends on the isoelectric point (lEP) of a RO
membrane and the feed pH.
Feed pH
>IEP
<IEP

RO
Membrane
Charge
Negative
Positive

Therefore, feed pH can significantly change the characteristics of a membrane surface
and further influence the separation of ions since there is a Donnan repulsion between the
charged membrane surface and ions in a solution. J.J.Qin et al [17] showed that for each
membrane tested there was indeed a critical feed pH, above which RO permeate pH was
lower than feed pH, but below which the permeate pH was higher than feed pH. The
authors also inferred that the lEP of a membrane might govern the critical feed pH,
however in the study comparing the critical feed pH to the lEP of the corresponding RO
membrane used, it seems that the critical feed pHs are independent of their lEPs.
Therefore the previous assumption may not be completely true. The existence of
Hydrogen Carbonate in the feed and its transmission in the RO process may play a key
role on the critical feed pH.
Relationship between pH and the removal of Contaminants
Qin et al [19] investigated the effect of feed pH on an integrated membrane process for
the reclamation of a combined rinse water from electroless nickel plating and found that
the permeate conductivity decreased with increasing feed pH. The RO membrane used
was a polyamide composite membrane that had a negative surface charge; since there is
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an electrostatic repulsion between the membrane surface and ions in a solution, the
characteristics of a membrane surface can significantly influence the separation of ions.
The pH of the feed water can alter the nature of the membrane surface charge and also
influence the characteristics of the solutes in the feed water and therefore the membrane
separation performance on the solutes. The supplied RO membrane was negatively
charged and the negative charge increased with an increase in feed pH. At the
Ultrafiltration stage when the feed pH was raised, iron rejection increased significantly to
82.4% at pH 3.68 and reached 98.7% at pH 6.64 as iron was in a colloidal form at the
higher pH. It would appear that a higher feed pH was more efficient for iron removal in
the pre-treatment step to reduce fouling of the RO membrane.
Qin et al [ 18] found that removal of contaminants increased significantly with increasing
feed pH in the range 7.5 - 10.5. The townswater contained a certain amount of divalent
ions such as calcium and magnesium that may influence the rejection of monovalent ions
in the RO process. They showed that at a certain feed pH, the rejections for both sodium
and chloride ions increased in agreement with total dissolved solids rejections of the RO
membranes. It can be also seen that the rejection of chlorides was much higher than that
of sodium ions for each RO membrane tested. This could be due to the fact that divalent
ions such as calcium and magnesium existed in the feed of townswater and that co
existing divalent ions had an influence on reducing the rejection of monovalent ions
because RO membranes had higher rejection on the divalent ions than on monovalent
ions.
Higher rejections of sodium and chloride ions in the range of pH below 4.4 could be due
to the lower transmission of protons with decreasing feed pH, with fewer chloride ions
passing through the RO membrane to maintain electro neutrality in the permeate. In
addition, rejections of both sodium and chloride ions decreased with decreasing feed pH
from 7 to 1.7 for each RO membrane tested. However, it should also be mentioned that
Childress and Elimelech [8] obtained a different relationship between feed pH and
permeate pH in an NF process from this study. They observed that hydrogen protons
were negatively rejected by a NF membrane (or NF permeate pH was lower than feed
pH) and the rejections of sodium and chloride ions increased with decreasing feed pH
when the feed pH was below 5, and the behaviours were related to the IFF of the NF
membrane pores.
3.7

Temperature

Byrne [7] discuss that water temperature has a dramatic effect on RO permeate flowrate.
Winter conditions should be taken into account. A heat exchanger of some type may be
desired to heat RO feed water as a means of increasing its output as increased
temperature increases the permeate. This usually requires more energy and operating
expense but results in a reduced need for membrane elements in RO systems. A variable
speed drive (VSD) may be desired to increase the feed pump pressure during colder
months.
3.8

World Applications of Membrane Technology

The increase in use of membranes is due to regulatory issues, water scarcity & market
forces. Currently approximately 4.5 billion mVday of water are desalted by RO. About
half of this capacity is installed in the Middle Fast and other desert regions to provide
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municipal drinking water. The remainder is used in the industrial world to produce
ultrapure water for the electronic and pharmaceutical industries [15].
The largest RO plants have been installed in Bahrain; a 45,420mVd plant in Ras AbuJarjur, which desalinates highly brackish water and a 56,000mVd plant at A1 Dur.
In arid regions that are remote from water supply services, communities rely primarily on
ground water supplies. Unfortunately, groundwater in arid regions is often highly
mineralized and unsuitable for sustained human consumption. High Total Dissolved
Solids concentrations (similar to FMC contaminant level) can impart unacceptable tastes
to the water, affect the digestive system, and have negative effects due to corrosion or
scaling. The World Health Organisation recommended upper limit for the concentration
of Total Dissolved Solids in drinking water is lOOppm.
3.9

Examples of membrane water recycling technology

A recent conference “The European Conference on Efficient Use of water Resources in
Industry” presented some examples of the latest advances in applications.
•

Malting Industry; Reuse of water in the soaking process at malt factories.
Micro-Filtration unit is utilized and the treated water, which is virtually
disinfected, using MF, can be returned to the production process, so that only a
small input of fresh water is necessary for evaporation from the product. The
BOD from the effluent is approximately 5ppm. Other advantages are the high
reduction rate of germs, a low footprint and low sludge production.

•

Paper Industry;
In the paper industry a total closed loop is possible, but there are a lot of problems
like corrosion, anaerobic situations in the water systems, low paper quality and
other disadvantages.

•

Wood Fibre Industry;
The technology utilized in wood fiber production water recycling is firstly
chemical / mechanical treatment system, followed by a filtration and reverse
Osmosis technology and a second Reverse Osmosis technology for high quality
boiler water.

De Wever [10] stated in her paper an example of a pilot study on the advanced treatment
of malting wastewater including the application of a membrane bioreactor (MBR). The
study involved the comparison of three types of submerged membranes in a membrane
bioreactor system, comparison of MBR performance with a conventional system and
evolution of extracellular polymer concentrations in relation to process parameters. The
pilot study is successful and full scale application is envisaged to post treatment of the
MBR effluent with reverse osmosis with the intention of water reuse.
An example of water recycling in laundry and potato processing industry was explained
by Schippers [21]. Both streams in each plant use membrane technology to recycle the
water and this water enters the main water supply plant for reuse.

Gehlert et al [12] states an example of water reuse from effluents of industrial
wastewater treatment plant in the Paper Industry “in addition to the conventional
biological WWTP, a sand filtration is installed for separation of suspended solids. The
effluent of the sand filter is passed partly back into the process, partly into a
Nanofiltration stage for further purification. The last part is directly discharged into the
river. The high quality permeate of the nanofiltration stage is reused in sensitive parts of
the production” This has been the case since 1999.
Buer et al, [6] explain how Zenon use their ZeedWeed™ technology to reuse refinery
effluent. Pemex owns one of Mexico’s largest refineries located in Minatitilan, Mexico.
The permeate is very high quality with turbidity readings consistently under 0.1 NTU.
This high quality effluent enables permeate to be directly fed to a RO system where it can
be treated to the reuse standards required by the plant.
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4
4.1

Water Balance & Flowmeter Project
Introduction

A water balance is the fundamental step when embarking on a water recycling project.
This water balance project developed a live DCS (Distributed Control System) integrated
Water Mass Balance Report, which resulted in accurate figures on water usage for most
of the plant being available. As stated by Prof. Dr. K.H. Rosenwinkel, (2006) at the
European conference on Efficient Use of Water Resources in Industry the first step for
reducing water demand is a detailed determination of production demand and load in
terms of the production scheme, and the water demand in different streams, entailing the
calculation of specific demands and loads.
In order for this live water balance to be accurate, five new flow meters were installed at
EMC. Installation of these new flow meters helped the awareness and knowledge by staff
of the water system and also aided in identifying more cost saving opportunities.
4.2

Background

The costs associated with the new Carrigrenan Waste Treatment facility have required a
re-examination of all water usage within the Cork facility in an effort to reduce/reuse
where possible. A fundamental requirement of this re-examination is the availability of
an accurate and live water mass balance. This water balance can then be used to monitor
day-to-day water usage on the site, identify quickly any increases in water usages or
water leaks and also allow for more accurate evaluation of any proposal to reduce water
usage onsite.
This project is aimed at increasing awareness and knowledge of the EMC water system.
The introduction of accurate monitoring of the water system will aid the identification of
recycling, reduction & reuse water projects and aid in the success of current water
recycling, reduction & reuse projects.
The costs associated with purchasing water at the time of this project commenced were
0.77Euro/m to purchase water and 0.93Euro/m to dispose of it. All costs in this project
are based on these figures.
4.3

Project details

The project involves the installation of five new flow meters on the plant, the
development of a DCS Graphic to allow for live monitoring, and the development of a
Microsoft Excel based report which can be monitored daily, and used to generate weekly
and monthly reports on plant water usage.
This project involves the installation of five new flow meters in the following areas:
• On the plant domestic water feed line before any branch off.
• On the main plant townswater header before any branch off.
• On the feed line into the D.I modules, to allow water usage for both the modules
and also for back-washing to be calculated.
• On the clarifier outfall.
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On the top-up to the Cooling Tower.
The graphic will allow the control room operator to see where plant water is being used
and if excess flows, overflows or leaks are occurring. It will also be tied into a Microsoft
Excel spreadsheet, which will generate daily, weekly and monthly reports, and will also
be used to evaluate future site water reduction projects.
4.4

Methodology

This project began with a water balance based on the flowmeters already on site,
calculations (example: cooling tower evaporation) and estimations. Sankey diagrams
were then constructed to represent the data better for presentation. In Sankey diagrams,
the width of the lines is proportional to the water flow rates. (The numbers in the
following figures have units of m /hr)

Water
Distribution
Diagram

SUMP

Fire Ring Main

Council

Dryer Stacks

00

Evaporation

=^95
D.I.Water

Figure 4.1; Hourly water use (cubic metres)
A portion of the water supplied by Cork County Council is purified by FMC to deionised
grade. Both supplied water (process water) and deionised water are used in the process.
Examining the above water distribution diagram, it is obvious that two classes of water
reduction opportunity arise: reduction of water consumption or recycling of water. A
detailed examination was undertaken of the water consumers on site, leading to the
following analysis:
0^
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Figure 4.2: Hourly process water usage (cubic metres)

Figure 4.3: Hourly deionised water usage (cubic metres)
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Figure 4.4: Graph of all water users at FMC
These were examined to see where reduction opportunities exist. Filter cake wash,
reactors and reslurry flow rates (shown in blue) are set by the process conditions and are
not readily amenable to reduction. The remaining streams have been targeted for
improvement (shown in red). Potential improvements are modifications to reduce water
consumption or to “downcycle” or “cascade” water from elsewhere, i.e. use already used
water for a second, less quality-onerous, purpose. The users in red above are deemed as
potential water streams for reduction, recycle or reuse. This water balance was the main
method used to identify these streams. Domestic (i.e. canteen & toilet water usage) and
boiler top were areas to be investigated however time did not allow a full investigation.
As part of the development of the water mass balance, three spreadsheets were developed
to monitor the daily usage of water. The first produces a daily report of water usage
(Appendix 12.5.1), the second illustrates the current water consumers at that instant in
time (Appendix 12.5.2) and the third is a theoretical model of the water usage and the
location of where it ends up (Appendix 12.5.3) i.e. effluent plant, evaporation etc. As an
illustration the daily report is shown in the Figure 4.5.
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Dale. 27-Ocl-CI5
From 10/26/2005 8 00
To. 10/27/2005 8.00

m’/hr
4T9i

Water In
Water Out
Outfall
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Total Cost

YTD Spent

YTD
Used
(m=)

■
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€7lS €1.189 '
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216,688'^
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m° Budget YTD
Usage
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€619,800
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lb

19 D.I.WATER

Filter Cake wash
Reslurry Tanks

20
21

Boiler Top up
Mixers
Dryers
Niro Scrubber

23
24
26 TOWNSWATER
27

Scrubber Top up (Niro & Bowen)
01 Module Cleaning
Plant Washdowns
Mixer Cooling

28
X

050 mVhr

TWS into DIW Modules
TWS Cleaning DIW mods

24 20
1.17

DIW Into DIWTK

22 62

Unaccounted at Mods

0.41

DIW Used on site

21 80

Unaccounted on site

0.82

TWS IN
TWS Users

9.13
12 63

Unaccounted

8.50

I—1

1 SdlmVhr
m’/hr

HCL Scrubber
Ammonia Bottles
Effluent Fitter
■Atomiser Cooling
Pump Seals

31
32
X

34

lijr

Sbda? Tartiws / Morttorino / History Data / wasNng / Water IN A OUT only /Budget XB9>®rtyJ±Jm. k G] 4rf0St«p«. \

=

I—r

Ready
1^4

►

ijW...|[gM,_ ifilT... I SjC... I .S^ -l

■|—f

NUMI

IgjC... I IgjP... I

I

I

2:59 PM

Figure 4.5: Spreadsheet of daily report
4.5

New Flowmeters

As mentioned, the five new flowmeters installed are in the following locations:
•
•
•
•
•

On the plant domestic water feed line before any branch off.
On the main plant townswater header before any branch off.
On the feed line into the D.I modules, to allow water usage for both the modules
and also for back-washing to be calculated.
On the clarifier outfall.
On the top up to the Cooling Tower.

All the flowmeters are Endress & Hauser Electromagnetic flowmeters. Pipe
modifications had to be made to install the flowmeters. The outfall flowmeter is
underground therefore excavation had to be carried out.
4.6

Water Awareness Presentations

A presentation was given to operators on the usage of water at EMC. The presentation
included
• Where water is used onsite - Water balance.
• Costs associated with water usage.
• Process Projects being undertaken by EMC.
• Describing changes in the process plant due to the water recycling projects being
implemented.
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• Major water recycling project - Membrane pilot plant.
• Discussion/Questions & Answers.
The presentation is in Appendix 12.6
4.7

Conclusion

With the construction of this water balance, the Sankey diagrams, the installation of the
five new flowmeters and the construction of the three spreadsheets a greater
understanding of the water system at FMC is available. Along with the water awareness
campaign this all helped to improve awareness of water use onsite and improve the
monitoring of it.
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5.1

Process Projects
Niro Scrubber Recycle project

5.1.1 Introduction
The Niro dryer scrubber system has been identified as an area where approximately
1.5m^/h could be saved by the installation of this project. The proposed project also
should improve the effluent process within the facility, by the reduction of the
hydraulic loading on the wastewater treatment plant by approx 1.5m^/h of flow at the
PH solid separator stage. Also, as this trial on the Niro Scrubber was a successful one,
it is repeated on the Bowen Scrubber with a further saving of 1.5m^/hr on this system.
As cost savings associated with water recycling has been identified as one of the
larger possible opportunities for variable cost reduction in the coming years, this
project on the Niro scrubber will reduce the water bill by €21,420/yr.
Testing was previously carried out this project by Kieran Walsh, as a Final Year
Experimental Project for Cork Institute of Technology & FMC Biopolymer (Walsh,
[26]).
5.1.2 Project details
The Niro dryer scrubber system currently recycles 38m^/hr around the scrubber
system and there is a bleed of 2mVhr to the solids separator. Therefore, currently at
least 2m^/hr of townswater is required as make-up water for the Niro Scrubber. This
does not account for top up due to evaporation. This is a once-through system and is
an inefficient use of townswater.
The basis of the project is gravity settling. The Project involves the use of the existing
Buffer tank CV301D as a settling tank for the Niro scrubber return stream which is
currently returned to the PH solid separator. The settled solids in the buffer tank will
be transferred directly to the RC solid separator (for the trial) while the dilute
overflow stream from the Buffer tank will return to the Niro scrubber tank for further
recycling. This will displace water usage at the Niro scrubber by approximately
1.5m^/hr. Refer to Figure 5.1 - Block Flow Diagram of Niro Scrubber Before project
was implemented and Figure 5.2 - Block Diagram of Niro Scrubber after project was
implemented.
The proposal involved the installation of an overflow line from the Buffer tank back
to the Niro scrubber. The scrubber return stream is already capable of being directed
into the Buffer tank. A new line is installed after FP301D to allow transfer of the
settled solids into the existing transfer line from FP304 to the RC solid separator.
The Buffer tank was previously only used when producing RC 591 run, however this
product is only manufactured at the Cork site for one week each year. Therefore,
when this product is being manufactured this project cannot be implemented and the
old system will be used again.
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A flow meter was also installed on the Buffer transfer line for the settled solids to the
RC solid separator.

Figure 5.1: Block Flow Diagram of Niro Scrubber Before project was implemented

27

Figure 5.2: Block Diagram of Niro Scrubber after project was implemented.
The Scrubber Returns stream into the buffer tank was split into three streams before
entering the buffer tank. The idea behind this design was to reduce the velocity of the
flow as much as possible so as to aid settling at the bottom of the tank. Also, the dip
pipes have an elbow at the bottom so as to further decrease the downward velocity.
5.1.3 Previous Trials
Previous trials were carried out by Kieran Walsh [26] as a Final Year Experimental
Project for Cork Institute of Technology. This project was successful and this led to
the further development of the project. However, there are a number of differences
between the initial trials and the most recent set of trials:
Settling tank: The settling tank used in the first set of trials was the Furose Tank
CV301, this tank has a cone bottom which will aid settling whereas the Buffer tank
used in this set of trials is a flat bottomed tank. The reason for using the Buffer tank
was because in the long term if these trials were successful then the Furose tank could
be used to run the same project on the Bowen Scrubber.
Transfer Manifold: In the initial set of tests the transfer manifold made it very
difficult to control the flow of liquid into the tank, when in fact the purpose of the
transfer manifold was to have control of the liquid’s velocity and to slow the velocity
down when entering the tank. Fluid flows along the path of least resistance. The first
dip pipe from the manifold will be the path of least resistance. All of the influent
passed down the first dip-pipe and into the settling chamber whilst none of the fluid
made it to the second or third dip pipe. The quick fix solution was to adjust the valves
as much as possible to get an even flow but this was not ideal, as once the level in the
tank rose above the level of the dip pipes, no more adjustments could be made
28

accurately. Taking this onboard for the second trials, it was decided to install sight
glasses on each of the three dip pipes. This was a cheaper solution than installing
three new flowmeters on each line. This solution worked very well.
5.1.4 Analysis of Results
Sedimentation in a given vessel of unchanging diameter is governed by two
principles:
• The velocity into the vessel. High velocity impedes settling.
• The concentration of the fluid entering the vessel. High concentration impedes
settling.
The first principle is the reason for the three dip pipes and the transfer manifold
design, to decrease the flowrate entering the vessel.
A five day trial was carried out in two stages over the period 10‘^ of August and
continued until the 16‘^ of August, to simply test the pipe work, the flowmeter and the
principle of settling. Also, due to different products on both dryers and the return from
the buffer tank going to the RC solids Separator, the trial was stopped and started a
few times over that week. Therefore, steady state was not reached until the 17'^ of
August where the trial was carried out at 0.5m^/hr overflow, 1.5m^/hr underflow.
Good settling occurred as the following chart shows:
Run 1: Overflow at O.SmVhr (25% Recovery)

Feed

i

0\«rflow
Underflow I

Date

Figure 5.3: Run 1: Suspended solids analysis of overflow at 0.5m^/hr (25% Recovery)
The average overflow suspended solids value returning to the Niro Scrubber at a flow
of 0.5m^/hr is 52ppm (0.01%). A closer look at the overflow values throughout the
trial at 0.5m^/hr can be seen below.
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Date

Figure 5.4: Suspended Solids analysis of Overflow Stream at 0.5m^/hr
The sample containing a suspended solids loading of 228ppm, drives the average up,
therefore, without this value, the average would be 35ppm (0.0035%) suspended
solids
However, it should also be noted at this stage that the mass balance does not add up,
with averages of 59,650ppm feed into the tank and only an average of 10,021 ppm
being drawn off from the tank (underflow plus overflow), there is accumulation of
solids occurring in the tank. This is due to the geometry of the tank as it is a flat
bottomed tank, this tank was used to reduce costs as the tank was available, therefore
it is not the ideal tank for this project.
Run 2: Overflow at ImVhr, Underflow at Im^/hr
From the 22"° August until the 3H‘ August the trial was increased to 50% recovery.
Again, settling occurred quite well with an overflow of only an average of 325ppm, it
is an increased concentration compared to the previous run however this is still quite
low. This is due to the increased concentration in the feed to the Buffer tank; the feed
has increased from an average of 59,650ppm in run 1 to 99,834ppm. This proves the
principle that increased concentration impedes settling. There is accumulation of
solids in this run also of approximately 50,000ppm.
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Figure 5.5: Suspended solids analysis of overflow at Im^/hr (50% Recovery)
Run 3: Overflow at l.SmVhr, Underflow at O.SmVhr

From the 1®‘ September until the 5th September the trial was increased to 75%
recovery. Again, settling occurred quite well with an overflow of only an average of
201 ppm. The feed concentration has decreased to 58,855ppm on average. However in
this run the concentration of underflow solids increased to 55,154ppm, therefore
indicating that not as much accumulation is occurring in the tank, only an average of
3,499ppm. As this may be due to the build up of solids over the past runs, it was
decided to carry out further testing on this run. Unfortunately, due to production
reasons the final testing could not be carried out until October, therefore this section
of the trials was not completed until October.
The second trial on Run 3 was carried out using DIW also, as during the first run there
was a low microorganism count in the scrubber, therefore the trial was carried out
using DIW to establish whether or not a build up of microorganisms would occur. The
presence of micro-organisms is an issue as the solids are reused in the process,
however it does not appear to be a major issue as the solids enter an environment of
pH = 2 at the solids separator stage, next it enters the quench tanks, which are at 85°C
approximately and then reprocessed as usual. Therefore any microorganism present in
the scrubber should not reach the final product. Having said that it is better to avoid
the problem if possible.
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Figure 5.6: Suspended solids analysis of overflow at 1.5m^/hr (75% Recovery)
The results for run 3 once again show that gravity settling is occurring. The average
overflow suspended solids is 469mg/l, however, this value was higher for the samples
taken after 21*' October. Accumulation is not as obvious in this run as in the other 2,
however, the results do vary widely between samples and the average may be
misleading for this reason.
Therefore, when the results are filtered and the results, which do not point to
accumulation, are omitted, the averages are as follows;
Feed; 47,821 mg/1
Overflow; 560mg/l
Underflow; 21,472 mg/1
Accumulation; 25,790mg/l
This is a more realistic indication of what is occurring, based on the previous runs.
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5.1.5

Results Summary

Trial No.

1

2

3

0.5

1.0

1.5

59,650

99,834

46207

OverFlow (ppm)

228

325

469

Underflow (ppm)

10,021

48,380

38,756

Overflow
Rate
m^/hr
Feed Cone (ppm)

Table 5.1: Summary of Trial Results
5.1.6 Conclusion
Testing has been carried out on the system and gravity settling does occur, this is
obvious from the overflow suspended solids concentration. However, there are two
main issues arising from the trials. The first is the accumulation of suspended solids in
the buffer tank and the second is a microorganism count.
Firstly, the withdrawal of solids from the tank is not adequate as there is accumulation
occurring in the tank. It is difficult to predict or calculate the exact amount of solids
that are accumulating in the tank at any time as it is varying so much from day to day.
It depends on the type of product being made & the rate of the dryer. However, the
accumulation is due to one main reason - the tank geometry. The settling tank used in
the first set of trials which were carried out 1.5 years ago was the Furose tank CV301,
this tank has a cone bottom which will aid settling, whereas the Buffer tank used in
this set of trials is a flat bottomed tank. The reason for using the buffer tank was
because in the long term if these trials were successful then the Furose tank could be
used to run the same project on the Bowen Scrubber.
There are a number of options to overcome the accumulation problem.
• Empty the tank after a set time on a continuous basis. However, this is an
activity for personnel to monitor and carry out. It is time consuming and also
there would be no recycle of water during the tank being emptied.
• Install a new bottom in the tank i.e. a slope in the tank.
• Install a new tank.
• Continue with the designed system in place and the solids accumulation will
reach equilibrium with the feed solids.
The last option was the chosen option and this is working, any samples tested after the
trial give the same results as the trial, there is no build up of solids in the scrubber
tank which is the main concern as this would affect production and the overflow from
the buffer tank to the scrubber tank is displacing 1.5m^/hr of townswater top up.
Therefore the main objective has been reached.
Secondly, during the trials there was some presence of microorganisms when the trial
was running on townswater, as discussed above. However, with the change over to
DIW, the microorganism count does not appear to be a problem.
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In the initial set of trials the transfer manifold was a problem however with the sight
glass in place, it is easier to control.
Based on the success of this project, the Bowen scrubber was assessed for the same
project. Accumulation would not be as big a problem in the Bowen as in the Niro, as
for the Bowen the Furose tank can be used, which has a cone shaped bottom.
Therefore the project on the Bowen has been approved.
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5.2

Bowen Scrubber Recycle Project

5.2.1 Introduction
The Bowen dryer scrubber system has been identified as an area where approximately
1.5mVh could be saved by the installation of a project to recycle the scrubber returns
stream. The Bowen Scrubber currently uses approximately 2m^/hr of townswater as
top up to the Scrubber to account for the 2m^/hr bleed (Scrubber Returns Stream) and
evaporation in the scrubber.
5.2.2 Proposed Project
This project is similar to the Niro Scrubber Returns Recycle using the buffer tank.
Testing has been carried out on the Niro system and gravity settling does occur, this is
obvious from the overflow suspended solids concentration at only approximately
lOOOppm (concentration of solids feed to the buffer tank is approximately
50,000ppm).
The basis of the project is gravity settling. The project involves the use of the existing
Furose tank CV301 as a settling tank for the Bowen Scrubber Return Stream, which is
currently returned to the RC Solid Separator. The settled solids in the Furose Tank
will be pumped to the RC Solid Separator (will require the installation of a new pump
and flow meter) while the dilute overflow stream from the Furose tank will return by
gravity to the Bowen scrubber tank for further recycling. This will displace water
usage at the Bowen Scrubber by approximately 1.5m^/hr. Refer to the flow diagram in
Figure 5.7 of the Bowen Scrubber before implementation of this project and Figure
5.8 of Bowen Scrubber proposed new set up.
Accumulation of solids, which occurred during the Niro Scrubber trial due to the flat
bottom nature of the Niro Buffer tank, should not be an issue with the Bowen Recycle
project as the Furose tank has a conical bottom.
Some microorganism issues which were noted during the Niro trials, but which have
no impact on quality due to the material being returned to the solid separators (pH 2
environment) and finally the quench tanks, may also occur in the Bowen scrubber
recycle project. However, it should be of a minor nature as the Furose tank is half the
size of the Niro Buffer tank and as it has already been stated that the Furose tank has a
conical bottom, so very little solids accumulation will occur.
The proposed project also should improve the effluent process within the facility, by
the reduction of the hydraulic loading of the Bowen scrubber returns stream of
approximately 1.5m^/h of flow on the Solid Separators.
This project is currently being installed as this thesis is being written; therefore it is
not in operation yet. It is scheduled to be in operation for quarter 4, 2006.
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Bowen Scrubber

Figure 5.7: Bowen Scrubber before implementation of this project
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5.3

Niro Atomiser Recycle Project

5.3.1 Introduction
This Project proposes to divert the Niro Atomizer cooling water into the Cooling Water
Reclaims Tank - CV-lOl.The Niro Atomiser currently uses approximately 0.6 m^/hr
which is a once-through system which goes to drain.
5.3.2 Proposed Project
This project proposes piping the return line from the Niro Atomiser (which currently runs
down the outside of the dryer to drain), into the Cooling Water Reclaims Tank.
This top up will displace 0.6m^/hr of townswater that is currently used to top up the
cooling tower system. The control system for the cooling tower townswater top up is
based on level control between the Reclaims tank & the cooling tower.
This project will reduce the water bill by €8,568/yr. This project is being installed as this
thesis is being written and is scheduled to be in operation by quarter 4, 2006.
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5.4

Bowen Atomiser Cooling Water Recycle Project

5.4.1 Introduction
The Bowen Atomiser cooling water was designed with an internal recycle in the
atomiser, but due to temperature issues at the atomiser it is currently operating as a oncethrough system, which resulted in approximately 0.5 m^/hr being dumped to ground.
Biological testing revealed that this water is of very high quality with no microorganism
count. Therefore a project was put in place to divert the atomizer cooling water into the
Bowen Scrubber where it now directly displaces 0.5m^/hr of scrubber top up water.
The design is shown below and involved the installation of a new pipe & gate valve from
the atomizer cooling water return line into the Bowen scrubber. This reuses the 0.5m^/hr
of atomizer cooling water and saves FMC approximately 7,140Euro per year.
Figure 5.10: Bowen Atomiser Water Recycle

Bowen Atoniser Water Recycle

Cooling Water IN
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5.5

Ammonia Drum Tank Project

5.5.1 Introduction
Ammonia is used on the plant for pH adjustment of the dryer feed slurry. The Ammonia
used for this purpose is supplied by BOC in BE size cylinders which are stored in an area
outside the boiler house, and which currently use a water flush to prevent the cylinder and
contents from freezing during discharge.
5.5.2 Proposed Project
This project proposes to change over from BE size cylinders to drum tanks. The use of a
530kg ammonia drum tank can supply up to lOkg/hr gaseous flow without water deluge
and thus reduce plant water consumption approximately by 0.8m^/hr annually. Besides
elimination of 0.8m^/hr (a saving of €11,500/yr) of water, there is substantial reduction in
the number of fitter interventions associated with the system and reduced process
disruptions associated with empty cylinders having to be changed over. With the
ammonia bottles, there may be a change over as many as 3 times a week, whereas a
drum tank could last up to 6 weeks.

Figure 5.11; Ammonia Bottles & Drum tank on site at EMC.
5.5.3 Methodology
A trial of a 530kg ammonia drum tank took place on the site from the 15‘^ March 2005
until 2"^^ May, the trial required no water as a heating medium to prevent the ammonia
from freezing on discharge from the tank.
This project proposed to change over to ammonia drum tank usage as opposed to
ammonia cylinder usage on a permanent basis. This proposal also included a number of
upgrades to the area such as construction of a new concrete base for the drum tanks,
barriers and a new MSDS sign to raise awareness of ammonia on site.
This project will reduce the water bill by approximately €11,500/yr.
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5.5.4 Safety Review
Due to an increased risk with the drum tanks compared to the ammonia bottles, there was
a detailed safety review was conducted by an outside consultant with a number of
recommendations such as a water deluge system & ammonia detector to be placed over
the drum tank.
As one of the main recommendations of the risk assessment to reduce the risk to a more
acceptable level was that an extra layer of safety such as an automatic deluge system
should be considered. Therefore a “Risk-Benefit Evaluation (RBE) “ was carried out and
it concluded that there was no need to install an automatic deluge system.
5.5.5 Implementation
As soon as all the recommendations of the safety review are carried out the project work
to upgrade the area and change over to drum tanks will begin. It is envisaged that this
project will be completed in quarter 4, 2006.
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5.6

Effluent Beltwash

5.6.1 Introduction
The effluent filter is used to filter the sludge from the wastewater treatment plant and
therefore increase the solids content of the sludge. Townswater is simply required to
wash the belt during operation of the filter, which lasts for approximately 4 hours per day
5 days a week. This is approximately equal to 0.5m^/hr of townwater.
5.6.2 Proposed Project
This project proposed to pump the required amount of outfall to the effluent filter
beltwash. At the filter beltwash connection there would be a flexible hose to either
connect to townswater or outfall, if the outfall was unavailable for any reason.
5.6.3 Methodology
A trial was carried out from the
March to April 25'*^ 2005 using a flexible hose and the
clarifier pump for this trial period. A proportion of the outfall was pumped to the filter
beltwash connection for this period. The trial was successful from a technical point of
view, however there were health and safety concerns around the project, which could not
be overcome. The issue is that the beltwash sprays the water onto the belt and when
outfall was being used, it was felt that microorganisms were being dispersed into the air
around the filter and therefore personnel working in the area were breathing in this
contaminated air.
This project was not progressed any further due to the health and safety issues associated
with the project.
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6

Membrane Water Recycling Project

This project aims to recover water from either of the following two identified streams to
townswater quality water;
• Solids Separator Overflow Stream
• Clarifier Outfall Stream
The solids separator stream is the influent to the wastewater treatment plant (WWTP) and
the clarifier outfall stream discharges from the WWTP. Recycling either of these streams
will close the material cycle internally, improving process efficiency and economics. It
would also make a big impact on the aim to achieve Zero Effluent Stretch Target (ZEST).
The largest water savings can be gained on site from recycling the outfall stream
(37m^/hr - 2004 average); however, there are Good Manufacturing Practice (GMP)
perception issues and high risk involved in recycling this stream.
The second largest water savings can be gained on site from recycling the solids separator
stream (22.5m^/hr - 2004 Average); however, this stream is technically more difficult
than the outfall stream to recycle due to the high BOD loading but it does not have the
issue of customer perception to overcome.
6.1

Methodology

The work program for this project was divided into 5 phases and this report is laid out
according to theses phases as follows;
Table 6.1: Project Schedule
Phase Work carried out
1
• Selection of suitable streams for recycling Solids Separator Overflow & Outfall Stream.
• Development and selection of a suitable
testing program on the identified streams.
• Identification and selection of suitable
vendors for the tender process.
• Preparation of Tender Document.
2
• Return of completed project proposals from
selected vendors
3
• Evaluation by EMC Cork and EMC Corporate
of vendor proposals and selection of a suitable
proposal for pilot plant work
4
• Pilot plant trials on Cork site.

5

•

Status
Completed
2005

January

Completed
March
2005
Completed June 2005

Commenced
September 2005 (But
had to be stopped for
safety issues and
started on January
2006 until the end of
March 2006)
Evaluation & discussion on completed pilot April 2006
plant trials.
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6.2

Phase 1

6.2.1

Selection of suitable streams for recycling - Solids separator overflow & Outfall
stream.
The selection of both these streams is from previous work carried out by the author in
O’Connor, O. [16] and by Walsh, K. [26]. Testing was carried out on these streams,
which indicated that both these streams are suitable for recycling.
Solids Separator
There are 2 solid separators on site. The solids separators are lamella gravity settlers.
The underflow with the solids is returned to the process and the overflow enters the
WWTP. The streams entering the solids separators are the filtrate streams and the
scrubber return streams.

The solid separator overflow material is considered to be a process stream, with a typical
pH value of 2.0, before it is neutralized to a pH value of 7.0 using caustic in the
neutralization tank. This flow is normally low in total suspended solids (TSS),
approximately lOOmg/1, but high in chemical oxygen demand (COD), approximately
5000mg/l. At times the separators are upset resulting in wastewater with much higher
TSS levels, approximately lOOOmg/1. Applying membrane technology at this stage is
somewhat novel in that most membrane vendors like to operate at low influent COD
concentrations to reduce the impact of organics on the membranes. The advantage of
using this stream as a source of recycle water however, is that there is no perception
problem (or at least much smaller) of using wastewater as a source of clean water.
Recycling at this location can affect the operation of the Waste Water Treatment Plant
(WWTP). The reject from the membranes will be discharged to the lagoon. The mass
biological oxygen demand (BOD) load will remain the same but the BOD will be in a
waste stream four times smaller in flow but four times higher in concentration. The
operating total dissolved solids (TDS) in the lagoon will increase to around 8 to lOg/1 and
the influent BOD concentration will increase to 4 to 8g/l. It is anticipated that this will
not have an adverse impact on the biological action since the TDS will still be less than
lOg/1; well within the acceptable range of TDS for an activated sludge plant. The only
concern is for potential short-circuiting in the lagoon that could result in high strength
influent short-circuiting to the outfall resulting in high effluent BOD concentration. If
this is the case it may be necessary to install a baffle in the lagoon to achieve more plug
flow.
A test for micro-organisms was carried out on the solids separator stream and there are
none present, due to the low pH.
Outfall

The Outfall stream is the overflow from the clarifiers in the WWTP. This stream is the
outlet stream from the biological activated sludge WWTP, where the water has been
treated in the activated sludge lagoon to comply with the existing site discharge license
limits before discharge to the new Carrigrenan Treatment plant.
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The water entering the WWTP is from two sources; the overflow from Solids Separators
and the Sump Material.
The sump material could be contaminated with the following;
Dryer wash downs
Plant wash downs (e.g. floor washing, vessel washing)
Tank overflows
Pump seal water
Deionised water (DIW) module back washes
Heating water for ammonia bottles
Atomizer cooling water
Water from turbidity meters
Biocides from the plant water cooling system
Boiler blowdown
Plant oil spillages
There is also the potential for clarifier outfall material to be contaminated in the
lagoon by faecal contamination from birds/ vermin etc.
The clarifier outfall stream is, from a technical point of view, easier to recycle (because
of lower COD, approximately 200mg/l), but the perception issue for FMC and its clients
must be overcome. However recycle at this point will keep the same influent conditions
in the lagoon as experienced at the present time. The operating TDS will stay around 2 to
2.5 g/1 and the influent BOD concentration will remain at 1 to 2 g/1.
After either stream is treated it can be used for the following uses:
• Feed to the DIW modules. There is an advantage here as the DIW modules would
act as a further polishing step and the recycled water would enter the holding tank
which has the option of chlorine addition. This recycled water would then be used
as filter cake wash and water for the reslurry tanks.
• In the reactor as hot water, although if excess chlorides are present, this will
damage the heat exchanger.
• As townswater entering the Niro and Bowen Scrubber.
• Washdowns
• Seal Water.
6.2.2

Development and selection of a suitable testing program on the identified stream

Both the solids separator and the clarifier outfall stream required testing for contaminants
such as COD, TSS and TDS. One composite sample per week was taken for three weeks
for each stream. The following list of contaminants was tested for
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6.2.3 Preparation of Tender Document.
A tender document was sent out for chosen vendors to bid for this project. The aims
of this tender document were to:
• Identify suitable technology to recycle one or both streams to a desired
quality.
• Identify suitable vendors to complete recycling project.
• Ensure project adheres to current plant licenses.
See Appendix 12.1 - Tender Document
6.3

Phase 2

6.3.1 Return of completed project proposals from selected vendors.
The following is a list of companies, which did put forward a bid. All proposals were
reviewed in great detail; follow up calls were placed to vendors and questionnaires
were completed for each vendor (Appendix 12.2 - Vendor Questionnaire). We
received a total of 8 proposals from vendors. The following table outlines, briefly, the
technology proposed by each company for each stream. Some companies submitted a
bid for both streams and some only for a single stream. Each company had a different
reason for this based on available technology, suitability of the technology to FMC’s
particular process and GMP perception issue.
Table 6.4: Table of Vendor and Technology recommended
Solids Separator Outfall Stream
Name of Company
Stream
SF + U.V. + RO
SF+U.V.+RO
Day Wright Engineering
♦
C.M.F + RO
USFilter - Memcor
*
U.F + RO
Zenon
♦
SF + RO
Austep
M.F + RO
EPS
♦
C.M.F
♦
M.F + RO
Kruger
ITT
Aquious
PCI
M.B.R.+2RO
UF+2RO
Membranes
UF+RO
Koch
UF + RO
*
UF + 2RO
SF = Sand filter
UF = Ultrafiltration
MF = Microfiltration
RO = Reverse Osmosis
2RO = Double Pass RO
UV = Ultraviolet (UV) radiation disinfection.
M.B.R. = Membrane bio-reactor
CMF = Continuous micro filter (Memcor product only)
* = No design submitted.
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6.4
6.4.1

Phase 3
Evaluation by EMC Cork and EMC Corporate of vendor proposals and
selection of suitable proposal for pilot plant work

The following table is a summary of each company, the amount of experience EMC
considered they had compared to the other companies and a cost comparison relevant
to one another.
Vendor
Experience Cost
D
Day
Wright H
Engineering

FMC Evaluation
Overall Rating
8
Little Experience, Cost
low due to low cost
technology

USFilter
Memcor

B

E

Great Experience, High
Cost

3

Zenon

C

E

Good Experience, High
cost

4

Austep

E

B

Adequate
Experience,
Low Cost due to low cost
technology

5

EPS

G

A

Little
Cost

Experience,

Low

7

Kruger

E

H

Good Experience,
too High

Cost

6

ITT Aquious - D
PCI
Membranes
A
Koch

C

Good
Cost

Low

1

G

Superb Experience, High
Cost.

2

Experience,

Table 6.5: Table o 'Vendors, Experience, Cost, Evaluation & Rating.

Experience: A-H where A is the vendor with the most amount of experience
& H is the vendor with the least amount of experience.
Cost: A-H where A is the vendor with the least cost & H is the most expensive.
Overall Rating: 1-8 where 1 is the chosen vendor and 8 is the least favorable vendor.
Chosen vendor after a lengthy evaluation process is ITT Aquious - PCI Membranes.
An evaluation of these bids submitted by vendors brought the project to the stage of
pilot plant trials. The chosen vendor ITT Aquious (PCI Membranes) submitted a
competitive bid for the full-scale plant for both solids separator stream and outfall
stream.
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The technology selected for water recycling at FMC is membrane technology:
membrane technology is capable of separating water from contaminants specifically
UF and RO technology. Normally water is pumped under high pressure across
membranes and the result is 75% of the water with very low TDS while the 25%
reject has a high salt concentration. RO can be implemented in one or two stages.
For the wastewater at FMC two stage RO will result in D.I. water feed so that the
existing demineralizers can be used as a polishing step.
To protect the RO membranes from fouling it is necessary to pretreat the influent with
ultra or microfiltration. Besides suspended solids, organic material can also cause
operational problems with membranes.
6.5

Phase 4

6.5.1

Pilot plant trials on Cork site.

This project proposed to run a pilot plant for the recycling of the solids separator
stream and the clarifier outfall stream for reuse in the process as feed to the D.I. water
modules. It was proposed to run a pilot plant for 5 months, one month set up and
commissioning, a two month run on the solids separator stream and another two
month run on the outfall stream. The aim of the pilot plant was to give FMC vital
information as to the success, risk, operating costs and difficulties with running a fullscale water recycling plant for either stream.
Unfortunately, only the solid separator stream was piloted due to a number of
problems with the pilot plant. Testing commenced in September, however, due to a
number of mechanical and safety issues with the plant, it was taken offsite to be
rebuilt and official testing began in January. Testing ran for approximately three
months, from January to the end of March on the solids separator stream.
The PFD (process flow diagram) and P&ID (Piping and instrumentation diagram)
proposed initially by PCI Membranes was reviewed for operational and safety factors.
There were a number of modifications that had to be made to the proposed pilot plant
set up to allow for improved monitoring, ease of operability and safety. The main
modifications are listed as follows and the final P&ID is contained in Appendix 12.3
- Testing Protocol.
•
•

•
•
•

The addition of a pH adjustment system.
The addition of a continuous data logging system which recorded flow,
pressure, pH, conductivity, temperature and turbidity. This included the
installation of four new flowmeters, one new Conductivity probe and two new
pH probes.
The addition of a basket filter before the UF membranes.
The installation of bigger pump sizes for the UF and RO membranes.
The installation of pump VSD’s (variable speed drives).

A testing protocol document (Appendix 12.3) was prepared and followed as closely as
possible during the trials. This protocol describes the pilot plant in detail, and in
summary includes the following;
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Table 6.6: Table of items contained in the testing protocol document.
Testing Protocol
Prepared By Explanation
Process flow diagrams PCI & Orla Process flow diagrams
O’Connor
P&ID’s
PCI & Orla P&ID’s
O’Connor
SOP’s for the pilot plant-operation and
Operating procedures
PCI
cleaning.
Design of Experiments for testing the pilot
Testing protocol
Orla
O’Connor
plant
Sampling plan
Orla
Point of sampling in the pilot plant and
O’Connor
laboratory analysis
Safety reviews carried out before start up.
Safety reviews
FMC & PCI
Bench scale testing PCI
Summary report of testing carried out in
November
that was carried out
before the pilot plant
arrived.
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Basket Filter: The feed enters the feed tank under gravity and passes through a 5mm
screen or the basket filter. This basket filter removes any debris or large solids. The
level in the feed tank is controlled by a ball-cock.
VF: The UF plant consists of 2 modules of FPTlO/12 membranes fitted in series. The
membrane area of each module is 4.75m^, giving a total of 9.5m^. The feed passes
through the modules where a fraction is removed as permeate and directed to a
permeate holding tank. The concentrated feed will be directed either back to the feed
tank or will be bled off from the system to drain via the waste tank.
Variables:
Inlet pressure Feed flow Recirculation flow Temperature pHVCFBleed flow -

controlled (varied from 6.5 to 9 bar)
controlled (remained constant)
controlled (remained constant)
uncontrolled
uncontrolled
controlled (varied from 2-20 VCF)
controlled (varied in order to control VCF)

VCF - Volumetric concentration factor, VCF is a measure of the recovery of the
membranes. The higher the VCF the greater the recovery i.e. a VCF of 10 is 90%
recovery and a VCF of 20 is 95% recovery. The percentage recovery is calculated as
follows;
Percentage Recovery = ((VCF-1) / VCF)* 100
Design details of UF Membrane
Tubular UF Membrane
2 Modules of FPTlO/12 type Membranes
Materials: PVDF
Membrane Molecular weight cut-off 100,000 Dalton
pH range: 1.5 -10.5
Max operating temperature: 60®C
core surface area: 4.75m2
ROl: Following the UF plant, permeate is treated in two reverse osmosis plants to
reduce the conductivity. UF permeate is collected in a 300 liter tank. pH adjustment
occurs in this tank. From here, it is fed via a self priming transfer pump to the first RO
plant. The plant is fitted with a feed pump capable of 30bar, which circulates the feed
around 2 spiral wound elements in series. Permeate from the plant is directed to the
feed tank for the R02 plant, and the concentrate is directed to the waste tank from
where it goes to drain. The plant is fitted with a pressure control valve on the
concentrate, and a flow control valve on the discharge of the pump. Operation of these
2 valves allows the plant to be controlled at the required VCF and hence the
percentage recovery.
R02: The second RO plant is the same design as the first. It is fed with permeate from
ROl which it further purifies. The concentrate from R02 is returned to the feed tank
of ROl, which reduces the total amount of waste from the 3 plants, and increases

54

overall recovery. The permeate from the pilot plant is sent to drain for the period of
the pilot plant, however in a full scale design, it would be reused in the FMC
production plant.
RO Membrane Element
• Membrane Type; Polyamide thin Film composite
• Max operating temp: 45^0
• pH range: 2 -11
• Surface area: 7.6 m^
• Spirial Wound Membrane: Brackish water membranes
• Dow Film Tech Membranes
• 4 RO Membrane elements altogether (all the same design, capacity etc).

Also, included in the pilot plant,
• pH Adjustment set with the facility to pH adjust at Pre-ROl & Pre-R02.
• Instrumentation - Pressure, flow. Temperature, pH, Turbidity, conductivity as
required, (see PFD in testing protocol (appendix 12.3) for details of exact
locations and more details on instrumentation).
The following points are data logged every 5 minutes as the plant is running 24 hours
a day in line with production. Therefore, any problems that production is faced with,
regarding filterability of the product, overcooking in the reactors the pilot plant will
face as well. It must be recognised that the pilot plant was operated “in-line” rather
than as a batch, off-line plant. This was decided to better replicate the actual
production performance, but resulted in many additional difficulties in operation of
the pilot plant and in the analysis of the results.
Table 6.7: Data logger points
UF
ROl

R02

Feed Flowrate

Feed Flowrate

Feed Flowrate

Permeate Flowrate

Permeate Flowrate

Permeate Flowrate

Recirculation flowrate

Concentrate flowrate

Concentrate flowrate

Feed Pressure

Feed Pressure

Feed Pressure

Feed pH

Feed pH

Feed pH

Feed Temperature

Permeate Conductivity

Permeate Turbidity
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6.6
6.6.1

Phase 5
Evaluation & Discussion on Completed Pilot Plant Trials

A “Design of Experiment” (D.O.E.) approach, using a factorial design method
provided by MiniTab was developed here. This D.O.E. is contained in appendix 12.3
- Testing Protocol. It was designed to test the pilot plant at many different parameters
and levels. The testing protocol illustrates the final D.O.E. The factorial design allows
for a number of parameters (Pressure, VCF etc) at a number of levels to be tested.
Each run have been should be carried out twice. Also, it is desirable to randomize the
runs as this minimizes the effects of random errors. Therefore in table 3, 4 & 5 in
Appendix 12.3- Testing Protocol there is a “Standard Order” and a “Run Order”.
This approach would have been the ideal approach as it covered many scenarios for
the pilot plant; however, there were a number of issues when running this testing
protocol described as follow:
• Time Constraints; The number of runs amounted to 70 different runs on the
UF, 120 different runs on ROl and 120 different runs on R02, this is an
unrealistic number of runs in a two month period after one month
commissioning period. Also, a cleaning in place (CIP) is quite time consuming
and could take up to 5 hours to complete, therefore, this decreased the running
time of the plant.
• Continuous Pilot Plant: A D.O.E. such as this is best suited to a batch process
and not a continuous, as with a continuous process, parameters such as feed
concentration and feed flowrate are continually changing, and therefore it is
more difficult to differentiate between the results of deliberate changes and the
consequences of process fluctuations.
• Mechanical Difficulties: There were many mechanical difficulties with the
plant, such as piping and fittings which were not the correct specification for
low pH, therefore they corroded. Pumps overheated due to inadequately sized
fan etc and this all led to unplanned downtime.
• pH Adjustment: the pH adjustment system originally set up did not give stable
readings and this was rectified on the 3"^^ March. Therefore the trials for
January and February with pH adjustment could not be included in the testing
protocol as the pH was not stable.
• Length of Run: The length of each run varied quite a bit for some of the above
reasons such as mechanical difficulties but also the plant would shut down on
low level in the feed tank where this was caused by a blockage in the basket
filter. This led to the length of time for each run varying, therefore another
uncontrollable variable.
• Cleaning; Each run on the D.O.E. testing protocol should have taken place
after a clean; therefore the same starting conditions are obtained for each run.
The D.O.E. was partly completed for the UF, however it was decided not to complete
the D.O.E. due to the reasons outlined above. A D.O.E. was not completed for the RO
unit as the pH adjustment did not stabilize until the final three weeks left in trials.
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Table 6.8: Periods of Testing.
UF

ROl

R02

Commissioning

Commissioning

January

Commissioning

Februarv

Trial Period
Trial Period - pH
- varying VCF & adjustment not working
Pressure.
correctly, therefore,
new pH system had to
be installed.

Trial Period - Dependent
on the operability of
RO1, therefore data
collected during this
period is of little use as
RO 1 was not working
correctly.

March

Trial Period

Trial Period - ROl
running correctly with
pH adjustment, therefore
data collected in this
period is useful.

Trial Period - pH
adjustment working
correctly, therefore data
collected in this period
is useful. 8 specific
runs carried out to
investigate relationship
between conductivity
and pH.

The membrane pilot plant is evaluated and discussed with regard to four different
topics as follows;
• Hydraulic performance
• Cleaning
• pH and conductivity relationship
• Contaminants removal
Following this discussion, there will be conclusions and recommendations with regard
to the pilot plant only.
5.6.1.1 Hydraulic Performance
The working cycle of the membranes, UF, ROl and R02, operating under pressure
was monitored for 3 months. Over this three months an approximate total running
time of 800 hours of relevant data (cleaning uptime not included here) was recorded.
The clean water flux (CWF) before and after cleaning the membranes and the
permeate flow (flux) decrease are the main hydraulic performance indicators.
The Clean Water Flux (CWF) is a flux rate that is recorded before the membranes are
utilized for the first time and again before and after each clean is carried out on the
membranes. The CWF is the main parameter by which fouling is measured and it is
obtained as follows:
• Townswater is pumped though the membranes at set parameters (see testing
protocol for specific parameters of pressure, flowrate etc.) each time and the
flux is recorded. Therefore, the first time a CWF is carried out the flux should
be at the membranes’ highest as the membranes should not be fouled as they
have never been used. Point “A” in Figure 6.21: UF cleaning CWF recovery is
this point.
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•
•

•
•

•

The membranes are then used on process for a set period of time.
A CWF is carried out before a clean, this CWF value should be lower than that
at the beginning as the membranes have been used and will be fouled. Point
“B” in Figure 6.21: UF cleaning CWF recovery is this point.
Next, the membranes are cleaned using chemicals (see testing protocol for
specific cleaning conditions).
The CWF is recorded again, the CWF should now have recovered to greater
than the CWF before the clean (greater than point B) and ideally, it should be
recovered to the CWF value at the beginning of the trials before the
membranes were used (point A). Point “C” in Figure 6.21: UF cleaning CWF
recovery is this point.
This procedure is the same for all the membranes used in this pilot plant.

One of the first points to note regarding membranes and hydraulic performance is that
the permeate flowrate increases as the temperature of the feed increases and vice
versa. Wes Byrne, 1995, stated in his book that temperature has a “dramatic effect” on
membrane performance. As the flux increases with increasing temperature all the
flows are normalized to 20°C, using equation 4.1 as follows:
Normalised Flow = Perm .flow + perm .flow * 0.027 * (20 - Temp ) Equ 4.1
The second general point to note regarding UF, ROl and R02 membranes is that as
the pressure increases so does the permeate flux; Figure 6.2 illustrates this point using
ROl as an example.

R01

Figure 6.2: ROl Pressure and Flux

58

However, this is if the pressure is manually increased i.e, from 25 - 35 bar. During
normal operation the RO membranes pressure increases and the flux stays
approximately the same. This is due to the membrane fouling and increased pressure
is required to maintain a constant flux. The opposite occurs for UF membranes, the
UF remains at the same pressure and the flux decreases as the membrane is fouled.
This is due to the different configuration of the membranes, the UF being a tubular
and the RO being a spiral wound.
UF, R01 & R02 Pressure

\
■

jij
■

Ag U**-*<^

n•
-rT-r^ -

%

'e--

♦ UF inlet press

■ R01 inlet press

R02 inlet press

Figure 6.3: Comparison between UF, ROl & R02 Pressures.
A comparison between the pressures in the pilot plant is illustrated in the above
Figure 6.3, the UF mainly is working at between 6 and 8 bar, ROl varied between 15
and 30 bar and R02 varied between 5 and 15bar.
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Start up period (Jan 10‘^ - Jan 25‘^)
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Figure 6.4: UF Start up period
Discovering equipment problems marked the start of the trials, problems such as;
the failure of the data logger, inhibiting data collection. Corrosion of fittings in the
RO units, shortening the possible operational time. However, initial findings were
obtained from these runs shown in Figure 6.4;
Table 6.9: Start up perioc

Run

Duration

Flux decrease/hr

1
2

23hrs
25hrs

0.7%
1.29%

3

IShrs

0.63%

The flux was quite high at 166 1/m^hr at the start of the trials however this decreased
as the trials continued and the initial flux was never achieved again. In the first run
there was a high decrease in flux at a rate of 0.7%/hr, this was at a pressure of 5.5 bar.
During the second run the flux decreased at an increased rate compared to the first
run, the rate of decrease per hour for the flux was 1.29%/hr. This run was carried out
at a slightly higher pressure of 5.7 bar and the rate of fouling increases as the feed
pressure on the membranes increases. This is the first hint of this that can be seen.
The flux did not decrease as rapidly for the third run, it did so at a rate of 0.63%/hr
even though the pressure was higher than the first two runs at 6bar, however the
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membranes are adapting at this stage to the feed and the initial fouling has taken
place. These are the only runs that were recorded during the start up period, as there
were problems with the data logger, however the cleaning was recorded and will be
discussed in section 5.6.1.2.
For the remainder of the trial period the majority of runs are between 5 & 10 VCF,
this is due to the UF bleed flowmeter not being able to read a low enough flow to
achieve a VCF greater than 10. The following Figure 6.5 shows flux verses VCF for
the majority of the runs. It can be seen that most of the runs were carried out at
between 5 & 10 VCF.

UF Flux vs VCF

140

Flux
1/m^h

120

\fy.

♦

♦

♦

♦

♦

♦

*

20

30

40

50

70

VCF

Figure 6.5: UF flux versus VCF

note: data points below VCF=J represent shut-down periods and should be ignored
Investimtion into the influencing factors in the percentage permeate decrease.
As can be seen from Figure 6.6 - the overall reduction in flux is from 166 1/m hr to 62
1/m^hr (63% reduction) however, this peak of 166 1/m^hr was short lived (lOmins) and
was the initial point on start up. A more realistic starting flux was that at which it
started at on the 11'^ Jan at 98 lm%, therefore a 41% reduction in flux overall. As the
cleaning is recovering the flux on the UF, the flux is not decreasing further than
approximately 62 Im^/h. Refer to Figure 6.24: UF permeate flux & pressure after
cleaning in place (CIP) which illustrates that the flux is being maintained at between
60 & 80 1/m^hr after each CIP. This can also be seen in Figure 6.5: UF flux versus
VCF where the majority of flux values are at 60 1/m hr.
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UF Permeate Flowrate

Flux

\/m\

Figure 6.6: UF permeate flowrate over the three month trial period.
The influences of VCF, pressure and turbidity on percentage permeate decrease for
the UF membrane were examined. However, as shown in the following Figures, these
parameters did not appear to have an effect, contrary to expectations.

Scatter Chart (VCF vs Perm flowrate %Dec/hr)

y = -0.0065X + 0.6413
= 0.0331

Permeate
flowrate
% dec/hr

VCF

Figure 6.7: Average VCF versus % Permeate Flowrate Decrease/hr.
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Scatter Chart (Perm flowrate %Dec/hr vs Pressure (Bar))
y = -0.0968X + 6.7839
= 0.0139

♦ ♦ ♦

♦

Perm flowrate %0ec/hr

Figure 6.8: % Permeate Flowrate Decrease/hr Versus Pressure

Scatter Chart (Avg Feed Turb vs Perm flowrate %Dec/hr)
y = -0.0031 X + 0.5742
R^ = 0.0014

€

g
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«
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1
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Avg Feed Turfa

Figure 6.9: % Permeate Flowrate Decrease/hr versus Turbidity (Turbidity must be
multiplied by a factor of 100).
Based on the above graphs there does not appear to be any relationship between %
Permeate flowrate decrease/hr and turbidity, pressure, VCF. Therefore, it is very
difficult to predict when serious fouling of the membrane will occur. From the 2^^ of
March, the UF ran steadily at approximately 7 bar.
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Figure 6.10: UF flux and turbidity at 7 bar pressure
From Figure 6.10: UF flux and turbidity at 7 bar pressure and from Figure 6.24: UF
permeate flux and pressure after CIP, it will be seen that after each clean the flux is
returning to approximately 70 1/m^hr and a clean should be carried out either after 65
hours of uptime or when the flux decreases to 55 1/m^hr minimum. These runs were
also carried out at VCF’s above 10. This flux compared to that carried out by PCI
Membranes in their bench scale testing in May 2005 is much lower, PCI Membranes
logged a flux range from 120 to 190 1/m^hr.
Also, it should be noted that in Figure 6.10 a high variation in turbidity did not affect
the performance of the UF. The quality of the permeate was maintained at all feed
conditions.
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ROl Hydraulic Performance

ROl ■ 3 Month Trial
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Figure 6,11: ROl overall performance 3 month trial
The “X” in the above Figure 6.11, indicates when a clean took place. Cleaning is only
dealt with here to aid differentiating between the various runs. Also, only runs with
any significance will be discussed.
ROl fouled badly on the 5*^ of March and this has seriously affected the performance
of the membranes since. This is discussed in more detail in ROl cleaning section.
ROl reduces the conductivity by 96% and the COD by 96%, therefore it is carrying
out the majority of the contaminant removal compared to R02 and hence the flux is
decreasing rapidly as the membrane becomes fouled.
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Figure 6.12: Period after first clean on ROl
The permeate flow is dropping off due to the pressure dropping off. The conductivity
results are not satisfactory here at 2400 and 4000 microsiemens. The pH for these
runs was less than 2.5. This will be discussed later in this document.
ROl - after Clean 2
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&

VCF

- Pressure —ROl Permeate Rowrate

Figure 6.13: ROl after clean 2
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VCF

pH |

The VCF, pressure and permeate flowrate remained steady for approximately 24hours
during this run with increasing pH, but fluctuations start after 14:00 on the
January that upset the run. Also, the first run here shows steady pressure and VCF but
decreasing flux which indicates that the membrane is fouling and a low VCF at 1.5.
Therefore, on start up again higher pressures are required to achieve the same flux due
to the membrane being fouled, the flux increases here due to the increasing pressure.
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Figure 6.14: After Clean No.5
After this clean, the membrane became fouled badly on the 4‘^ of March. Also, after
this clean on the 4*^ of March marks the beginning of the pH correction phase, where
there is steady control of the pH.
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Figure 6.15; After Clean 6
The % flux decrease per hour for the second run of this period (after clean 6) was
higher than the first; this could be an indicator that at higher pH the membranes foul
quicker.
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Figure 6.16: After Clean 7
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FluiTI

The higher VCF of 10 in the first run here could have been the reason that it fouled
quite rapidly. The conductivity for the feed and permeate in this run are normal at
7000 (pH = 2.14) and 2400 (pH = 2.42), therefore removal of 66% of the conductivity
(average is 81% removal at this stage, however the pH is a little low therefore 66% is
adequate).
^bnual
After Cleans

ac|L6(rnBrt of

pressuBto
decnaaseflux

Figure 6.17; After Clean 8
With pH varying between 5 and 5.5, both these runs after the clean are good steady
runs with little decrease in flux. To study this run in detail there is a large increase in
flux from 30 1/m^hr up to 42 1/m^hr (40% increased)) with a small increase in
pressure from 20 to 25bar (25% increase). However there is a decrease in flux per
hour of 0.15% compared to zero at the lower pressure.
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Figure 6.18: ROl flux and pressure comparisons for the three-month run
By comparing point one and two above, the same pressure is used at 20bar, but a
much higher flux is achieved at point number 2. The pH at point one is varying
between 2.5 & 3.5, whereas the pH at point 2 is about 4.5. It is the same VCF for both
runs at a VCF of 8. Therefore it can be deduced that a higher flux is expected at
higher pH. Byrne, W [7] states that at acidic pH’s lower fluxes are observed.
Since the 3"^^^ March (start date of the stable pH correction) the flux on ROl has been
decreasing at a steady rate through each run. This is illustrated in the above Figure
5.6.1.1.18 from point 2. The cleaning is not recovering the CWF and it is not
recovering the permeate flux either. The CWF is the measure of how fouled the
membrane is after a run. After a clean, the CWF is recorded and it should be higher
than before the clean. If the CWF is not higher after the clean compared to before the
clean, then the membranes are not cleaning correctly. This is discussed in more detail
in the cleaning section.
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R02 Hydraulic Performance
R02-FIUX vs VCF

Figure 6.19: R02 Flux Versus VCF for the three month trial run
note: data points below VCF=1 represent shut-down periods and should be ignored
Flux versus VCF Figure 6.19 above shows that the trials were carried out at varying
VCF between 1 and 15. Highly anomalous results were found. The permeate flux is
shown as increasing with as VCF increases. This is contrary to all theoretical
expectations. In spite of intensive examination and consultation with pilot plant
suppliers, no satisfactory explanation was found for this behaviour in the course of the
project. It remains as an anomaly that merits further investigation.
It is difficult to predict the hydraulic loading on R02 as it was totally dependent on
the permeate flowrate from ROl, as the permeate flowrate from ROl was the feed
flowrate to R02. Therefore the pressure on R02 was decreased to achieve this
balance. This is the reason why R02 was run at such low pressures, however, as is
discussed in the contaminant removal section, this did not affect the conductivity
removal. However it is suspected that it does affect the COD removal efficiency.
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Figure 6.20: R02 Flux and Pressure for the three month period
As is illustrated by Figure 6.20, it can be seen that both the flux and pressure are
decreasing during the month of March for R02. This is due to the decreasing
permeate flowrate from ROl also experienced in March, as ROl permeate is feed for
R02. Therefore, if ROl permeate flowrate decreases, R02 feed flowrate will decrease
as a result to maintain the mass balance. No major issues were encountered with the
hydraulic performance of R02, the flux does not decrease due to fouling as it did with
ROl. Once the flux is set then R02 maintains it, a rapid decrease in flux has never
been seen with R02. The operability of R02 depends strongly on that of ROl.
5.6.J.2 Cleaning

This was phase two of the testing protocol and the aim was to find a cleaning regime
that is effective at restoring the original membrane performance. As there was a
cleaning regime advised by PCI Membranes initially, alternatives were not tested
unless the first approach was not successful.
The Clean Water Flux (CWF) is a flux rate that is recorded before the membranes are
utilized for the first time and again before and after each clean is carried out on the
membranes. The CWF is the main parameter by which fouling is measured and it is
obtained as follows:
• Townswater is pumped though the membranes at set parameters (see testing
protocol for specific parameters of pressure, flowrate etc.) each time and the
flux is recorded. Therefore, the first time a CWF is carried out the flux should
be at the membranes’ highest as the membranes should not be fouled as they
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have never been used. Point “A” in Figure 6.21: UF cleaning CWF recovery is
this point.
The membranes are then used on process for a set period of time.
A CWF is carried out before a clean, this CWF value should be lower than that
at the beginning as the membranes have been used and will be fouled. Point
“B” in Figure 6.21: UF cleaning CWF recovery is this point.
Next, the membranes are cleaned using chemicals (see testing protocol for
specific cleaning conditions).
The CWF is recorded again, the CWF should now have recovered to greater
than the CWF before the clean (greater than point B) and ideally, it should be
recovered to the CWF value at the beginning of the trials before the
membranes were used (point A). Point “C” in Figure 6.21: UF cleaning CWF
recovery is this point.
This procedure is the same for all the membranes used in this pilot plant.

Ultrafiltration
UF cleaning can be divided into three periods. A, B & C. The following Figure 6.21
illustrates these periods and table 6.10 explains each period. The periods discussed
here are only in relation to the analysis of the cleaning. The CWF will be investigated
in detail here however, it is not the main indicator of recovery on UF membranes as
the permeate flux directly after a CIP is more important than the CWF. However, not
completely recovering the CWF also needs to be noted as it is an early indicator of
problems.
The flux values in the following graph are in flowrate units of 1/h or Iph instead of
flux units, however, flux is calculated by dividing the flowrate by the area of the
membrane. As the area is a common factor, it does not affect the results achieved;
therefore the value was left in flowrate parameters.
The run time in the graph relates to the running time before the clean was carried out.
This was recorded to investigate whether or not there is a correlation between run
time and cleaning. The runtime was not recorded for every period in period A as this
was the start up period.
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Figure 6.21: UF Cleaning CWF Recovery

Table 6.10: UF Cleaning Periods
Period Occurances

Explanation

A

The CWF did not recover to that at
the start (1269 Iph), however this is
expected while the membranes are
adjusting to the feed material and
while the membranes are fouling
initially. However, a decrease of
73% is high. As the membranes
were nearly new, a decrease was
expected but not of this magnitude.

The first clean in this period marked
the beginning of the trials. The CWF
started out at 1269 Iph. As the trials
started and the membranes began to
foul, the CWF dropped rapidly until
the beginning of Period B. as
illustrated in Figure 6.21 An overall
CWF decrease of 73% was noted.
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Period Occurances

Explanation

B

This period is expected when the
membrane adapts to the feed stream
and becomes fouled initially. During
this period a more consistent
recovery is being achieved.

C

This period shows the stablisation of
the CWF. When a CIP takes place
the CWF after the CIP is
approximately equal to the CWF
after the previous clean. The CWF’s
are varying between 400 & 550 Iph
on average. However, there is one
point at 7631ph (CWF after a clean),
which is quite high and the reason
for this point cannot be found. A
decrease in CWF of 10% compared
to the end of period A.
The CWF in this period drops to
between 300 & 4501ph. The CWF
attempts to recover but only to a
CWF of 4501ph. Also, during this
period the CWF after a number of
cleans was lower than that before
the clean. This should not be
occurring, as it is the exact opposite
as to what should be occurring.
These are highlighted in Figure 6.22
below marked points 1, 2 & 3. An
overall increase in final CWF
compared to period B.____________
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The runs between the 24 February
and 27*^ February fouled the
membrane quite badly and the
membranes required 4 cleans to
partially recover the CWF and it
only recovers to 4501pm. However,
longer running periods of up to 72
hours are being used during this
period also, so this may be the
reason why the CWF is not fully
recovering.
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Figure 6.22: UF Cleaning CWF Recovery for Period C
Th^ lowest CWF point occurred on the 27^^ of February and an investigation into why
thi) point occurred revealed the following Figure 6.23.
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Figure 6.23: UF Run period from 24‘*’ - 27*^ February
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The pressure was increased to 7.8 bar for a 20 hour period of the run, this may have
fouled the membrane more than usual. However, overall there was no obvious
relationship between membrane fouling and high pressure.
Also the turbidity for this run was the 4’*^ highest average (averages over the 3 months
of trials) at 890 NTU’s, as it can be seen in the graph the turbidity peaked at 1600
NTU. However, turbidity’s have been much higher peaking at 2000 NTU and no
obvious effect can be seen. A combination of higher pressure and high turbidity
probably led to the fouling. Any one of these parameters being high would not lead to
this fouling but in combination they may have.
An indication of recovery after cleaning on the UF is the permeate flux after each
clean. This is shown in the Figure 6.24 below.

Permeate Rux & Pressures

1/m^h

Figure 6.24: UF Permeate Flux & Pressures after CIP
From this graph it can be seen that the permeate flux recovers each time after a clean
and is remaining consistent between 60 and 80 Im^/h. This is a better indication of
recovery only on the UF membranes however, as this is not a good indicator of
recovery for the RO membranes, the CWF is the main indicator for RO membranes.
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ROI
Figure 6.25 illustrates ROI cleaning and divides the cleaning over two periods. As
with the UF, these periods are only used for describing the cleaning phase. The
uptime that is graphed is the running time before each clean. This was recorded to
investigate whether or not there is a correlation between running time and cleaning.
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Figure 6.25: ROI cleaning periods
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Table 6.11: ROl Cleaning Period

Period Occurances

Explanation

A

This may be due to the fact that the
membranes were “dirty” when the
trials began. The membranes had
been used during the first number of
weeks of trials in September and
they may not have been cleaned or
stored under optimum conditions
whilst the plant was being modified.
Over the first 3-4 runs the fouling is
being gradually removed. Unlike the
UF it is expected that the CWF
would recover and this is the best
way to judge the recovery on RO
membranes.

B

This period is unusual in that it is the
start up period with the initial
number of cleans being carried out
and a decrease in CWF was
expected. However, the opposite
occurred as illustrated in Figure 6.25
above, as the CWF increases to a
maximum point of 6.16 1pm

After the 23
of January the
membranes on ROl recovered very
well after each clean and are
relatively consistent. The pH of the
feed to ROl for this period was
between 1.5 & 3.5 and the
membranes worked to a satisfactory
level removing many contaminants,
which will be described later in this
document. There was an 80%
decrease from the highest point
during period A to the lowest CWF
during this same period.
The CWF did not recover in this
period. The CIP’s that followed
failed to recover the CWF.
The CWF only recovered by 60%

During this period severe fouling
occurred between the 24'^ February
and the 6* March and explains why
the CWF did not recover. As this
fouling was one of the most
significant events of the trials it was
investigated in detail and is
described below.

Period B
There may be a number of reasons why the CWF did not recover to the previous value
of approximately 5 1pm after the clean on the 6^^ March.
pH: The clean carried out on the 6‘^ of March was after a 3 day run ( from 3"^^^ March 6*^ March) at pH 4.5, which decreased the conductivity on R02 permeate dramatically
to approximately 20 pS/cm, therefore the membranes would have been fouled more
than previous runs. This was the first time that a run at a pH of 4.5 had been carried
out over an extended period of time.
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Uptime Between Cleans: There was an uptime of 170 hours since the previous clean.
This uptime was only experienced once before by the membranes (1 SOhours) however
the CWF recovered that time. Therefore, there must be another reason for the CWF
not being recovered.
Another clean was carried out after 48hrs of uptime on the
March, to try to recover
the CWF and it still did not recover. A clean with nitric acid was carried out on the
16*'^ of March to try to recover the CWF however, this also failed. The reason for
carrying out the clean using nitric acid was because the ultracil detergent (chemical
used for CIP normally) which contains caustic and gives a high pH clean was not
removing the contaminant that was fouling the membrane. Therefore, it was initially
thought that cleaning at pH of 1.5 would remove the fouling from the membrane. In
summary, alkaline detergent is used for removal of organic material (fouling) and acid
detergent is used for removal of inorganic particles (scaling).
An investigation into the run previous to this clean showed that, up to approximately
17:00 on the 5 of March, the ROl pressure was increasing gradually, however the
VCF was also increasing. Therefore, the fouling cannot be totally attribute to the
pressure increase as it is likely to be partially an effect of the increasing osmotic
pressure as Figure 6.26 illustrates below.
R01 - 3rd March - 6th March (pH =4.5)
40.0

Figure 6.26: ROl Pressure, permeate flowrate & VCF - 3'^^ March to 6‘^ March
As shown in Figure 6.26 above, between the hours of 17:00 on the 5^^ of March and
08:00 on the 6^^ of March - it appears that the plant fouled very rapidly at this point
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(not only has the pressure risen, but the flux and VCF have also dropped - VCF
dropped as the permeate flowrate dropped off). There may have been a component in
the feed, which has passed through the UF and fouled the RO membrane. However
due to channel limitations on the data logger the turbidity of the UF permeate is not
logged, therefore no information on this could be obtained. Nevertheless, it is unlikely
that feed with high turbidity passed through the membrane as all the results for UF
permeate turbidity show a value less than 40NTU’s. The effect of this fouling can also
be seen in the cleaning results; the CWF after this run is lower than usual but also, on
the next process run the recovery is not as good as previously, as Figure 6.27 below
illustrates.
R01 - 3rd March - 7th March (pH 4.5)
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Figure 621 \ ROl permeate flow, reject flowrate and pressure between the 3*^^^ March
and
March 2006.
The above Figure illustrates that after the clean on the 6‘^ March that the ROl
permeate flowrate did not recover (as the CWF did not recover), it only recovered to
5.5 1pm whereas after the previous clean it was approximately 6.2 1pm. Again the
pressure continued to rise on ROl and the permeate flow continued to decrease for
this run. This problem is not reflected in R02 where the CWF remained normal.
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Figure 6.28 below illustrates the two cleaning periods for R02, Period A & B.

Red line = CWF
Blue dots = Run time before a clean

R02deanjng

Figure 6.28: R02 Cleaning Periods
Table 6.12: R02 Cleaning Periods

Period Occurances

Explanation

A

Same
explanation
as
RO1,
membranes being “dirty” from
previous runs in September.

Start up period, again similar to
ROl where an increase in CWF is
observed after the 2^^ clean and not
a decrease as expected. The CWF
experienced a large drop to 2 1pm on
the lO^*’ of February even though the
uptime was less than that before the
previous clean. The major fouling
that occurred on these membranes
occurs during this period, where no
pH adjustment was occurring.
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Period Occurances
B

Explanation

Period B experienced very little PH adjustment does not have any
fouling on the membrane, this negative impacts on R02 and it
period started after the 10‘^ appears to be running smoothly.
February, therefore none of the pH
adjustment fouling problems that
ROl encountered occurred here.

Relationship between Run Time and Membrane Performace

Phase 5 of the testing protocol was to try to reduce the cleaning frequency. The reason
for this is that if frequent membrane cleaning is occurring, reducing the number of
cleans may significantly improve the economics of the application. This can be
established by letting the membrane foul beyond the recommended guidelines;
however, in allowing the membrane to foul the risk is being taken that the cleaning
may not restore the membrane performance. This can be seen on ROl.
The aim is to achieve a balance, whereby the run is prolonged but not to the extent
that permanent fouling occurs. For the UF the time period between runs was extended
from approximately 48 hours to 72 hours to investigate if a longer running period
could be obtained. This occurred in period C of the testing and the CWF before and
after cleaning were lower than in phase B as is illustrated in Figure 6.28 below, there
may be other factors to be taken into account here such as that the lowest CWF was
obtained at the beginning of this period, therefore the membrane was badly fouled.
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Figure 6.29: UF Cleaning Periods
For the reverse osmosis units, an extended period of time between each clean was not
investigated fully as ROl became quite fouled during the trials and required cleaning
regularly as discussed previously.
5.6.1.3 PH and Conductivity Relationship
After initial trials on site in September, it became obvious that a relationship exists
between the stream pH and the permeate conductivity. PCI Membranes were
requested to conduct bench scale testing. They found a very clear correlation between
the pH in the feed and the permeate conductivity as illustrated by Figure 6.30 below,
which confirms beyond doubt that there was a need to pH adjust the feed.
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The bench scale testing was designed only to give an idea of the approximate pH
range that should be looked at working forward, and in that respect, it was very
successful. The results were that the pH probably needs to be between 4 and 5, but
possibly even as low as 3-3.5. This should be a high enough pH value to decrease the
conductivity significantly. Also, it was observed that the colour of the feed darkened
as the pH increased.

Conduct
ivity
pS/cm

pH
Figure 6.30: Relationship between Conductivity and pH.
The trials can be broken up into two periods for the pH and Conductivity
examination, period A and period B as Figure 6.31 shows. The pH adjustment only
started operating on the 14*^ of February due to problems with data logging (the pH
adjustment system was not logging correctly) problems with the RO units themselves,
the fittings corroded, minor leaks which had to be repaired etc.
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Figure 6.31: pH and Conductivity for duration of trials
Period A
This period consisted of attempting to adjust the set point on the pH controller, the
speed of the pump and set up the correct balance between RO1 feed and UF permeate.
As can be seen from the constant variation in pH and conductivity and the high
conductivity values for period A in Figure 6.31 this control strategy was inadequate, a
different system for pH adjustment had to be installed. The next Figure, Figure 6.32
shows the original control strategy consisting of inline caustic addition, where the
caustic was added to the feed line to ROl. The main problem with this strategy was
that inadequate mixing was occurring.
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Figure 6.32: Original control strategy - Inline Caustic Addition
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Figure 6.33: Graph of pH and Conductivity during period A.
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Figure 6.34: ROl Feed pH vs Permeate pH.
Figure 6.33 highlights the sporadic nature of this pH adjustment system and the
Figure 6.34 illustrates that the majority of the pH readings for ROl for the period
were between 1.5 and 3 with the highest achievable constant pH being 3.25. This is
inadequate because at a pH of 3.25 the conductivity is not low enough to reuse the
permeate but also in order to achieve reliable results the pH has to be maintained for a
set period of time.
However, from these results a trend can be seen developing where the permeate pH is
greater than the feed pH, this was expected. However a bigger picture of pH must be
understood, therefore runs at higher pH had to be carried out to find the critical pH,
i.e. the point where the feed pH is equal to the permeate pH.

Figure 6.35: R02 Feed pH versus Permeate pH.
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The critical pH is achieved when the feed pH is equal to the permeate pH. Operating
at pH 3.5 seemed to approach the critical pH, hence more runs were carried out at
higher pH to further investigate the location of the critical pH.

02/03/06 - 03/03/06

Cond
1

i:

- 1C
Conduct
ivity
^S/cm

Figure 6.36:

r 8

March Conductivity and pH relationship.

For this run the conductivity decreased dramatically to as low as 4pS/cm^ However
the pH was varying so randomly that a constant run could not be obtained. This run
proved that the low conductivity firstly aimed for could be obtained. Low
conductivities between 10 & 20pS/cm were achieved in later runs, but as this was the
first very low conductivity achieved, it was a milestone.
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R01 Feed pH

Figure 6.37:

March Conductivity and pH relationship.

This graph illustrates this same run on the 2-3'^^ March and how as the pH increased
the conductivity decreased to a point and subsequently increased above this point.
As can be seen on Figure 6.36 , for a three hour period at the beginning of this run, the
conductivity remained low at between 28 & 45pS/cm and to match this the pH
remained at approximately between 4 & 4.5. However, the pH started to decrease and
as a result the conductivity continued to rise, until once again the pH started to rise
and the conductivity decreased again. This automatic increasing and decreasing of pH
was a major problem for the plant as the pH was automatically controlled, it
fluctuated rapidly. As the pH control system was an inline caustic addition set up, it
never buffered out until the feed had reached the R02 feed tank where there was
sufficient residence time to allow mixing and at that stage it was too late. Also the
R02 reject was being recycled back into the ROl feed tank to increase the recovery,
and as a result, this was increasing the pH slowly in the ROl feed tank and disturbing
the system.
This was rectified by adding the caustic in the ROl feed tank instead and using a
pump as a mixer for this tank, therefore the pH could remain a lot steadier. This new
pH system set up was installed on the 3^^^^ of March and this marked a significant
change in the results achieved from the pilot plant.
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Figure 6.38; New caustic addition set up
This new pH adjustment set up marked the beginning of Period B.
Period B
As mentioned, the start of period B was marked by the new pH adjustment set up,
which allowed for steadier pH control. Runs could now be carried out at a particular
pH set point and it could be controlled to remain at this set point.
1800 r

-r 14

Rir1
pH = 4.5

njn2
pH =
Z5

1600

Rjl4
pH = 5

RmS
pH =
3iA

RrS
W=
10

nii6
pH = 5

F%ii7 RnS
pH = 5 pH = 7
- 12
-

1400

Conduct
ivity
(|j.S/cm)

1

1200

1000

800

600

400

200

0
• IJ-

b'^

10

i| »

J
r

1

Iv-

1

1

Mm

:'J

1

f

;

1

.

L
.ti-

#V

'
1

.li'

.'b'

o'

(if’’ On
“sP

O

<n9

Cn

‘

;

.l5

Ova>'
^

rsP
{V .r^

jy
-v ^ 4^ 4^ 4^

4^-'

.tJ

(b'^'
4^

■ cxxxjuctivity -•- pH

Figure 6.39: Period B - Runs at varying pH.
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As can be seen in Figure 6.39, 8 runs were carried out at various pH set points (i.e.
2.5, 3.5, 4.5 etc), and the following Figure 6.40 gives a clearer relationship between
pH and conductivity at each set point.

Period B • pH runs

Conduct
ivity
(gS/cm)
♦ Run 1; pH = 5
♦ Run 2; pH = 2.5
Run 3 pH = 3.5
Run 4; pH =5
X Run 5;pH =10

6

8

10

12

R02FeedpH

Figure 6.40: Period B, isolated runs at a range of pH’s
Runs 6, 7 & 8 were omitted from this graph as the aim of this graph is to illustrate the
pH and conductivity range and relationship.
As can be seen from this graph the optimum pH for the lowest conductivity, is
between 6 and 8. From this graph it can be seen that the conductivity decreases as the
pH increases to approximately a pH equal to 8. However, maintaining the pH between
6 and 8 is very difficult as minimal caustic addition causes as increase in pH to above
pH of 8. Therefore, optimum pH is between 4.5 and 5.5 as this is easier to achieve and
the conductivity is low enough here at approximately 50|j,S/cm for reuse.
Now that the optimum pH is achieved for the desired conductivity, it is interesting to
note the breakdown of the removal of conductivity removal related to pH. The
following graphs illustrate this breakdown.

92

16th March

Figure 6.41: Comparison between ROl Feed and Permeate and R02 Feed and
Permeate conductivity

Conductivity Removal

% cond
uctivity
Removed

pH = 1.7

Increase pH to 4 5

ROl Permeate

■ Stage Renxival

Cumulative Removal!

Figure 6.42; % Conductivity Removal at each stage, pH adjustment, ROl & R02.
From Figure 6.42, the pH adjustment step alone decreases the conductivity by the
highest percentage at approximately 60%, another 35% approximately of the
conductivity is removed by ROl and only approximately 5% by R02. Therefore, the
pH adjustment step is a critical step in the removal of conductivity.
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Relationship between feed pH and permeate pH in Reverse Osmosis
As explained earlier in the literature review, there is a relationship between feed pH
and permeate pH in reverse osmosis membranes. Experiments carried out by
researchers in the past such as J.J. Qin et al, [17] have proven that a critical pH exits
below which RO permeate was higher than feed pH but above which RO permeate pH
was lower than feed pH for townswater.
The surface charge of the RO membranes depend on the isoelectric point (lEP) of the
membrane. The lEP for PCI’s RO membrane is between 4 and 5. According to
J.J. Qin et al, [17] the RO membrane is negatively charged when the feed pH is higher
than the lEP, whereas it is positively charged, as the feed pH is lower than the lEP.
Therefore, feed pH can significantly change the characteristics of a membrane surface
and further influence the separation of ions. J.J. Qin et al, [17] found that removal of
contaminants increased significantlv with increasing feed pH in the range 7.5 - 10.5.
Feed pH
RO Membrane Charge
>IEP
Negative
<IEP
Positive
The lEP of the RO PCI membrane is between 4.5 and 5, therefore at this pH, the
membranes are neutral. At a feed pH of 5.1, the RO membranes charge is negative
and with a feed pH of 1.5 the membrane charge is positive. As a consequence, at low
pH values (less than 4.5) there is a high conductivity passage and it obviously
increases the lower the pH decreases.
For illustration purposes only, from the runs a graph such as follows. Figure 6.43 can
be constructed. Permeate pH verses feed pH, where the graph crosses the center line is
the critical pH for that set of runs.

Permeate
PH

123456789 10

Feed pH

Figure 6.43: Permeate pH verses feed pH
The critical pH for FMC’s solids separator feed was never exactly achieved, but PCI’s
membranes should be at a pH of 4.5.However, it should also be mentioned that
J.J.Qin et al, 2004 [18] also pointed out that an experiment run on a Nanofilter
obtained different results. This experiment observed that hydrogen protons were not
rejected by a NF membrane therefore the permeate pH was lower than the feed pH
and the rejections of sodium and chloride increased with decreasing feed pH when the
feed pH was below 5 and the behaviors were related to the lEP of the NF membrane
pores. Thererfore, the theory requires more investigation but it can act as a general
guideline.
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5.6.1.4 Contaminants Removal
Before the more complex issues of COD, conductivity etc are discussed it should be
mentioned that the basket filter also proved to be an essential part of the process. The
basket filter (situated before the UF feed tank - refer to Figure 6.1), removes any
large solids (greater than 5mm); this is to protect the UF membranes from large
particles. This basket filter required to be cleaned daily sometimes twice daily
especially during the RC run. (RC is a specific FMC product).
New Plot Title @ 90d2h0m0s
1081.00

1/1/2006 09:28

Turbidity
NTU

(A) ai7073.pv
(A) ai7369 pv

Figure 6.44: Solids Separator Overflow Turbidity values from January to March 2006.
Figure 6.44 shows that during January the turbidity was not very high (average
150NTU) however February and March have seen a lot of peaks in turbidity readings
and it was also during the last 2 months of trials where the basket filter had to be
changed twice daily. An average figure is misleading here, but it should be noted that
the turbidity was often greater than lOOONTU’s (lOOONTU’s is the upper limit on
these turbidity meters).
From the data logger over the runs from the 11^'^ Jan to 3*^^ March, the turbidity on the
UF Permeate has never exceeded 35NTU’s. Therefore a decision was taken on the 3rd
of March to stop logging the UF permeate turbidity and allow this channel on the data
logger to be used for R02 Feed Tank pH.
The acceptance criterion for contaminant removal as outlined by FMC Biopolymer
before the trials started, is as follows for the R02 Permeate; (Appendix - 12.1 Tender
Document for more details)
Townswater quality water however, better than townswater quality for the following
parameters.
COD = <15ppm
Conductivity =<50fiS/cm
TSS = Oppm
TDS =<50ppm
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The high values of turbidity, COD and conductivity in the feed led to the in depth
examination of the removal of these parameters.
Table 6.13 reports a summary of the average results of the analysis of the pilot plant
at different stages in producing high quality water.
Summary
Feed
Turbidity (NTU)
107
>10,000
Conductivity
COD (ppm)
5,000
Chlorides (ppm)
1,242
1.5
pH

UF
ROl
R02
Permeate Permeate Permeate
14
0
0
20
>10,000
450
5,000
178
55
1,242
47.7
9
1.5
4.5
5

Table 6.13: Average values of some parameters at the various sampling points.
The use of the UF is fundamental in the reduction of turbidity (87%). COD is
removed mostly by ROl (96%) and partially by R02 (2.5%). Conductivity, one of
the most important parameters in checking water quality for reuse is removed almost
completely by ROl (96%). 99% removal of chlorides is a satisfactory result. The
histogram in Figure 6.45 represents the contributions of the various treatment stages
to the removal of some polluting parameters. The percentages are referred to the feed
input. (It should be noted that this table of average figures are mainly based on the
third month of testing when the pilot plant could be controlled properly with pH.)
Figure 6.45: Contributions of a) UF, b) ROl c) R02; to the removal of turbidity.

Turbidity

Conductivity

conductivity, COD and Chlorides. The percentages are referred to the feed.
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Turbidity
The main function of the UF is to remove turbidity, therefore the majority of the
turbidity should be rejected by the UF. The UF feed tank held a high concentration of
solids, (because of the concentrate stream recirculating back to the feed tank)
therefore challenged the membranes more than the raw feed from the plant, which is
encouraging. 100% removal of turbidity is achieved by R02 permeate, with
approximately 87% of this being taken out by the UF. The aim of zero suspended
solids (i.e zero turbidity) is achievable by these membranes.
Turbidity
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Figure 6.46: Average, Max & Min Turbidity values for the 3 month pilot plant trials.
From the data logger over the runs from the 11*^ Jan to 25‘^ Feb, the turbidity on the
UF permeate has never exceeded 40NTU’s. This is the expected turbidity reading for
the UF permeate.
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Figure 6.47; UF permeate and feed turbidity

Figure 6.48: Feed Turbidity versus % UF Flow Decrease/hr
It was suspected that with increased turbidity that a larger decrease in flow per hour
for UF permeate would occur; however, this does not look obvious from this graph, as
it is quite scattered. Therefore, no relationship exists.
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Conductivity
Conductivity
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%

Figure 6.49; Average (wine bar), maximum (blue bar) & minimum (yellow bar)
conductivity values for the 3 month pilot plant trials.
The conductivity for the feed, feed after prefilter (or basket filter), UF recycle, UF
feed tank, UF permeate and UF concentrate are similar as expected. This is due to the
fact that the UF is not designed to remove conductivity.
The conductivity decreases dramatically after pH adjustment (44%) before ROl and
again after ROl where an average percentage decrease of 80% between ROl feed
after pH adjustment and ROl permeate. However, this is reflected in the high
conductivity in ROl reject at approximately 12,OOOpS/cm. Finally, R02 permeate is
reduced by a further 64% compared to ROl permeate. Therefore ROl is performing
better than R02, with increased removal of conductivity in RO1.
Conductivity can be maintained at 20pS/cm, however this is totally dependent on pH
as is discussed in section 5.6.1.3. Therefore the aim of less than or equal to SOpS/cm
is achievable using these membranes.
RO polyamide (PA) thin film composite membrane performance is also a function of
the relative conductance of the feedwater. When the feed water has a minimal TDS or
very low conductivity, the membrane capability to reject ions is reduced. Therefore,
the ion rejection rate observed on the second pass is usually lower than that measured
on the first pass. This reduced rejection must be taken into account when estimating
the final permeate quality of a two-pass system
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Figure 6.50: Average (wine bar), maximum (blue bar) & minimum (yellow bar) COD
values for the 3 month pilot plant trials.
As with conductivity, the COD is not affected by the UF therefore the COD for the
feed, feed after prefilter, UF recycle, UF feed tank, UF permeate and UF concentrate
are similar as expected as the UF is not designed to remove COD. Also, the COD is
not affected by pH adjustment which was also expected. ROl removes the majority of
the COD (96%) and R02 removes 3.5% of the COD. Therefore overall 99.6% of the
COD is removed. Again ROl performs better than R02 at removing COD. ROl
removes 96% of its feed COD and R02 only removes 69% of its feed COD.
Therefore, 100% removal of COD requires an increase in the percentage removal by
R02.
R02 ran for the majority of the three months on low pressure, between 5 and 10 bar,
this was required in order to get the hydraulic loading balanced between ROl and
R02. Therefore if the pressure was increased on R02, it may increase the removal of
COD. Also all the COD removed in ROl is evident in the ROl reject.
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Conductivity & COD Relationship

♦ Seriesi
^Linear (Seriesi)

Figure 6.51: Relationship between COD and Conductivity.
Over the whole spectrum of values there does not appear to be a relationship between
COD and conductivity, however when the high values of conductivity (values greater
than lOOOpS/cm) are eliminated, the relationship below in Figure 6.52 becomes more
obvious.
Conductivity & COD Relationship

♦

Seriesi

— Linear (Seriesi)

Figure 6.52: Relationship between COD and Conductivity.
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Overall these membranes did not achieve the aim of zero COD in the R02 Permeate
during the three-month testing period. The range of R02 permeate COD values
achieved are between 16 and 147ppm with the average at 55ppm.
The lowest COD value measured was 16ppm, this run also gave the lowest COD
value measured for ROl permeate at 75ppm, Figure 6.53 shows the conditions for
R02 for this run, nothing unusual was noticed during this run for R02 however
Figure 6.54 shows the conditions for ROl. The ROl pressure started to increase from
17.7bar upto 23bar at 03:10 on the 14*^ February, as this sample was taken at
approximately 15:30 on the 14^*^ of February, the higher pressure of 23 bar may have
led to the lower COD value. This phenomenon requires further investigation.
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Figure 6.53: R02 parameters
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Figure 6.54; ROl parameters
Another example of high pressure leading to low COD was recorded on the 24'^ of
February. A COD of 22ppm was recorded. The ROl pressure was approximately
between 31 and 34bar and R02 Pressure was between 11 and 15bar, therefore
increased pressure may lead to increased COD removal.
5.6.1.5

Wood Alcohol

The fundamental question that requires solving in order to reduce the COD is what
exactly is causing the COD. An analysis of the stream is required with particular
attention being paid to organics. In analysing the organic content of the stream,
alcohols need to be addressed in detail, as the COD is more than likely due to some
alcohol content. Alcohols are the only known organics that can filter through reverse
osmosis membranes.
Given the nature of the process at FMC, the production of micro crystalline cellulose
by “boiling” wood pulp in dilute acid, the presence of alcohols in the R02 permeate is
possible. Since the early 1800’s scientists have attempted to extract alcohol from
wood. The alcohol extracted is methanol also known as “methyl alcohol” or “wood
alcohol”. This process involves the hydrolysis of sawdust and fermentation. Acids
such as sulphuric and hydrochloric acid are used, along with temperatures in excess of
100°C and pressures of up to 30 atmospheres. Research into the production of
methanol from wood led to some conclusions as follows, (Balliere, [5]):
• In saccharifying sawdust with acid, maximum yield is obtained at 7.5
atmospheres. The yield decreases above or below this pressure and actually
the maximum yield occurs within 15 minutes of cooking in the reactor.
• Increasing duration does not increase sugar content, but rather reduces it.
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•
•

•

Pine sawdust will yield 22 to 23% sugar and an average 100 to 1 ISliters of
95% alcohol per tonne of wood treated.
Besides sugar, acetic and formic acid are produced. Acetic acid is produced at
the rate of 1.4% of the wood treated. Formic acid is produced in quantities
that increase with the duration of cooking.
Methanol is a fatal poison. Small internal doses, continued inhalation of the
vapour or prolonged exposure of the skin to the liquid may cause blindness.
As a result, commercial use of methanol has sometimes been prohibited.
Methanol is used as a solvent for varnishes and lacquers and as an antifreeze.

This is particularly relevant and comparable to FMC’s situation i.e. similar process
conditions (temperature and pressure of cooks) and similar inputs (pine trees),
therefore good conditions for the first stage of methanol production. FMC “cooks” the
wood pulp chips in dilute HCl using hot water at an elevated temperature and
pressure. This process would easily account for the production of methanol that would
pass through the membranes. However, the cook time can vary at FMC and as
described above this will influence the production of methanol.
Chlorides
Chlorides will show up as conductivity; however a number of chloride measurements
were taken during the testing as well.
Averaging the values for the 3 months of trial is not a very good indicator of the
actual removal of chlorides as the operation of the pilot plant varied so much. Figure
6.55 below represents the final month of trials with better pH control and indicates the
removal of chlorides.

R02 Permeate
□ Average

Figure 6.55: Average, maximum & minimum chloride values for the final month of
the pilot plant trials.
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Mirco Organisms

R02 Permeate was tested fully for microorganisms, no trace was found. As the UF is
at low pH (1.5) then no microorganisms would survive at this pH, however, when the
pH is increased before ROl there is a chance that some may grow. However, RO
units are in theory designed to remove all microorganisms. This was proven during
these trials as there was no trace of microorganisms found.
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6.6.2 Membrane Pilot Plant Conclusions
Trials were carried out for 3 months and overall the trials were a success. A lot was
learned from these trials such as the relationship between pH and conductivity which
was fundamental to the operation of the trials and the suspicion of the presence of
methanol in the R02 permeate.
Firstly however, there were many problems with the pilot plant due to its
configuration i.e. being that of an “in-line” rather than operating on a standardised
batch feed system. On the other hand the plant better reflected that of a full scale
plant. If a batch pilot plant was used, definitely more experimental runs with better
defined results could have been investigated such as using the statistical method of a
DOE. Nevertheless, the use of a continuous plant which was inline with production
simulated the exact operation of a full scale plant. Therefore the problems of pH
adjustment, fouling etc. that the pilot plant incurred highlighted even further the
problems for the full scale plant.
UF hydraulic performance is satisfactory, the fact that the membranes are maintaining
a consistent flux value and it can be recovered after each clean is a major steppingstone and proves that the UF can filter the solids separator material. Further trials
should be carried out at increased recovery rates on the UF (recovery rates greater
than a VCF of 10 which is a 90% recovery) however, it is not foreseen that this should
be a problem for the plant. This will increase the financial return for the plant. The
contaminant removal for the UF with turbidity content being the main concern is
satisfactory with 40 NTUs equal to the highest turbidity value experienced by the
trials. Also, the UF operates well at a pH of 1.5 which is advantageous to the water
recovery process in that no microorganisms will be present at this low pH.
The reverse osmosis units have good hydraulic performance and show good recovery
with up to 90% recovery achieved. Also, as the R02 reject is recycled back into the
ROl feed tank this increases the recovery further. The major achievement of the pilot
plant trials with regard to the reverse osmosis membranes was determining the
relationship between conductivity and pH. Without this discovery, the trials would not
be a success. Many problems were encountered with the pH adjustment system and
getting the balance correct between ROl and R02, however, eventually a _
conductivity averaging at 20pS/cm was achieved.
ROl experienced fouling problems in early March and cleaning did not recover the
flux completely. When cleaning does not recover the flux completely, this is a
problem for the plant. The plant continued to operate and the best results for
contaminant removal were achieved in March. However, this is due to the improved
pH adjustment system which resulted in the low conductivity of 20pS/cm. Therefore,
even though fouling was a problem for the plant and the recovery decreased, I suspect
that the plant would recover the flux after another couple of cleans. This is due to the
fact that the last three cleans which were carried out on the ROl plant showed the
CWF increasing each time. Therefore the fouling that occurred was not irreversible
fouling.
All parameters such as conductivity, turbidity etc. set out at the beginning of the trials
have been met except the COD values. Further optimization of the pilot plant should
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be completed if this project is to be progressed to full scale to try to reduce the COD
value to zero in the R02 permeate.
The COD is more than likely due to some alcohol content, as alcohols are the only
known organics that can filter through reverse osmosis membranes. Methanol is
probably causing the high COD value as methanol is “wood alcohol”. Further
analysis of the COD is essential if this project is to go to full scale. If this analysis
proves that methanol is present this has serious implications for the recycling project
as methanol is a fatal poison. Recycling a R02 permeate stream with a methanol
content is not recommended. A build up of methanol cannot be allowed in the FMC
process (the production of MCC), where the R02 permeate will be reused as DIW.
If the COD does prove to be methanol, a risk benefit analysis may help to investigate
this risk versus the gains in this situation.
No trace of microorganisms were found in the R02 permeate. This is very
encouraging from a water recycling point of view as no matter how little
contaminants were left in the water, if microorganisms were present after filtering
through a reverse osmosis membrane, there would be little hope of recycling the
water.
This is a viable project for FMC if the COD can be reduced in the R02 permeate,
(with no methanol present) and the economics prove justifiable. If this water recycling
project to recycle the solids separator material is to be progressed to full scale level
the recommendations stated in the next section should be carried out first.
The solids separator stream was unfortunately the only stream that was tested during
the period of time for these trials. Due to the problems with the pilot plant in
September 2005 that led to trials being postponed until January 2006, this resulted
that the outfall stream would not be trialled as part of this study. This was very
unfortunate however, FMC are planning on trialling the outfall stream after this study
is completed. FMC will trial the outfall stream for a shorter period of time than this
trial and use the knowledge they have gained from this trial in the outfall one.
6.6.3 Pilot Plant Recommendations
The membrane water recycling project requires more pilot plant work. Based on the
work that has been carried out as part of this project, these are the recommendations:
Hydraulic performance
•
Run the UF at higher recoveries (VCF of 20, 30 & 50) with data logging,
therefore a better graph of flux verses VCF can be seen and higher recoveries
may be achievable with the UF. This will increase the financial payback from
the plant.
• Increase the UF pressure to 8 bar and carry out 5 runs to be able to compare
with Figure 6.10: UF Flux and turbidity at 7bar pressure. An increase in flux
would be expected however, the membranes may foul faster; even though
Figure 6.8: percentage permeate flowrate decrease per hour versus pressure,
shows that increasing the pressure has no impact on fouling of the membrane.
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Contaminant Removal
• Carry out batch runs on R02 at increased pressure (15-30 bar) and monitor
COD in the feed, permeate and reject streams.
• If the COD can be reduced, run again at pH varying between 4.5 - 7.5.
• Do a full range of laboratory tests on the pilot plant similar to those carried out
on the feed material for the tender document and make a comparison of the
results. This is to finalize that there are no contaminants that have been
overlooked. Methanol, acetic acid and formic acid should be included in this
set of tests also.
• A self cleaning prefilter for the UF is required, the pilot plant basket filter
required manual cleaning twice a day, this would not be desirable on a full
scale plant.

PH adjustment
• Carry out trials at pH’s between 4.5 & 7, to verify Figure 6.40: Period B,
isolated runs at a range of pH’s, as there are only a number of points at these
pH’s. Batch trials would be adequate here.
Cleaning
• Clean for prolonged period of time while the pilot plant is on site i.e. clean for
2 hours on UF. Clean ROl & R02 with Nitric and ultracil for 1 hour each.
This may recover the CWF further.
• Once the trials are completed a series of cleans should be carried out by PCI
Membranes to try to completely recover the CWF on RO1.
• A membrane autopsy should be carried out on all the membranes on
completion of the trials to establish the type of fouling which occurred i.e
organic fouling, biofouling.
Materials of Construction
• Materials of construction will have to be carefully considered, as the UF
section is at low pH, therefore PTFE lined piping will have to be used. This is
quite expensive and will increase the costs of the full scale plant. The RO
section of the plant is at very high pressure however the pH is increased to at
least 4.5. Therefore lined pipe work will not be required here.
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Discussion
The area of water recycling is an ever-growing area and with new technology being
introduced, projects that could only be dreamt of 10 years ago are becoming more of a
reality now. Also, with the price of water increasing at such a dramatic rate, from the
start of this project costs have increased from 0.77Euro/m^ to 0.84Euro/m^ to purchase
water and to dispose of water from 0.93Euro/m^ to lEuro/m^ an 8% increase overall.
It is becoming more attractive for companies to look at water recycling from a cost
saving point of view.
The main benchmark for a water reduction project is the quantity of water used now
compared to at the beginning of the project. Have the projects paid off and the
following graph speaks for itself.
Water Usage per Month

Month

Figure 7.1: Water Usage per month
The water usage has decreased by 30% since the beginning of this project. The
projects that have been fully implemented are the Niro Scrubber Water Recycle, Niro
Atomiser Cooling Water Recycle, Bowen Atomiser Water Recycle and Water
Balance. These projects do not account for 30% of the water usage however, an
increase in awareness on site of the value of water has led to a different approach to
water usage. Leaks being repaired, hoses not left running, are only two examples of a
wiser approach to water usage.
Another key performance indicator besides the water usage per month is water usage
compared to quantity of product produced as Figure 7.2 illustrates;
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Figure 7.2; Key Performance Indicator
Figure 7.2 illustrates a 30% reduction in water usage per kg of product produced.

Figure 7.3: Percentage of water reduced by process projects
Figure 7.3 shows that 13% of water that can be reduced by process projects, this
equates to 6.4m^/hr or approximately 100,000Euro/year of cost savings to FMC.
When the remainder of the projects are implemented this will be the result. The
remaining projects are the ammonia drum tank, Bowen Scrubber and finish installing
needle valves on all pumps using seal water throughout the plant.
If the membrane water-recycling project is to go ahead the following Figures 7.4 and
7.5 illustrate the water savings from this project alone;
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Figure 7.4: Solids Separator Water Recycling
A 37% reduction in water usage can result from recycling the solids separator stream.
48%
52%

Figure 7.5: Outfall Water Recycling
A 52% reduction in water usage can result from recycling the solids separator stream.
Therefore it is obvious that the outfall stream is more attractive from a water savings
point of view however the risk assessment must be completed. The following Figures
show the total savings with the process projects included.

50%

50%

Figure 7.6: Solids Separator Water Recycling and Process Water Recycling
A total saving of 50% from the solids separator water recycling project together with
all the process projects that have been and will be implemented over the coming
months.
35%

65%

Figure 7.7: Outfall Water recycling & Process Water Recycling
A total saving of 65% from the outfall water recycling project together with all the
process projects that have been and will be implemented over the coming months.
The membrane pilot plant is discussed in detail in section 5.6, therefore another
discussion is not repeated in this section.

8

Conclusion

As highlighted by Vereijken, [25] at the European Conference on Efficient Use of
Water Resources in Industry, the two important water issues that must be faced are:
1. The value of water is largely underestimated.
2. The European knowledge on water is “unmatched in the world” (European
Commissioner Janez Potocnok, [25]) does represent an immense currently
unexploited potential for development of efficient, competitive new solutions.
This project has set out to understand and overcome these issues. Firstly the cost
savings associated with reducing, recycling and reusing water have been highlighted
and projects have been implemented because of the large cost savings. In each
instance, it has to be researched in detail whether the necessary water quality for
recycling can be attained with the given technology and whether the disinfection
achieved meets health requirements. Also, the cost balance must show that water
recycling is an economic method of water management. EMC has proved in each
project which has been approved that it is cost saving to the company to implement
water recycling.
Secondly, by exploiting the knowledge of membrane systems a major water
recycling project can be implemented.
As stated in the introduction to this project the aim of this project is as follows:
• Reduce water consumption in the manufacturing process through internal
reuse and recycling, while continuing to satisfy license conditions.
• Recycling water from waste water treatment plant either from outfall or from
influent stage.
As Figure 7.1 and 7.2 show, water usage has decreased in EMC throughout the life of
this project and there are still more projects in the pipeline to further reduce water.
Secondly, the pilot plant has proven that water recycling of the solids separator stream
is a viable option, however, more work and research is required to progress the project
further.
On the basis of the pilot plant results, membrane processes show to be promising
methods for the purification aimed at reuse of Solids Separator Waste Water. The
characteristics of the solids separator waste water stream after purification by the pilot
plant show that it is ready for reuse in the manufacturing process with the exception
of COD. Further trials must be carried out to try to reduce the COD further. Also, if
the COD is due to the presence of methanol as previously discussed it is not
recommended to proceed with the project. The hydraulic capabilities of the plant will
have to be studied in more detail also as the primary focus of the pilot plant was to
reduce the contaminant and then consider the recovery of the plant. A more in-depth
conclusion on the membrane pilot plant is contained in section 5.6.2.
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Recommendations
On the process projects, I highly recommend that these projects are brought to
completion. The individual savings on each project are small, but when all the
projects are implemented the impact will be greater. The savings are highlighted in
the discussion and conclusions section.
The membrane water recycling project requires further testing. This is
described in section 5.6.3 - Pilot Plant Recommendations.
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